The separation of platinum and gold from an industrial feed solution by Louw, Talana
 The Separation of Platinum and Gold 
from an Industrial Feed Solution 
  
By  
 
 
 
 
Talana Louw   
 
 
 
   
Submitted in fulfilment of the requirements for the   
degree of  
Philosophiae Doctor 
in the Faculty of Science at the 
Nelson Mandela Metropolitan University   
  
 
 
 
 
Promoter:  Prof.  J.G.H.  du Preez   
 
 
 
January 2008 
  
 
 
 
 
 
 
 
 
 
To  my  parents … 
 
 i 
ACKNOWLEDGEMENTS 
I would like to thank the following for their contributions to this thesis: 
 Prof J.G.H. du Preez for motivation, support and constant encouragement. 
 Impala Platinum and NRF for financial support. 
 Dr E.C. Hosten and Henk Schalekamp for their helpful guidance and 
assistance. 
 Mrs E. Wagenaar for the formatting of this thesis. 
 Kivara Naidoo for her friendship and practical assistance in the laboratory. 
 All my friends and colleagues: Jason van Rooyen, Marissa Louw, Heine 
Jonck, Yolanda Bouwer, Lukas Oosthuizen, Yatish Jaganath, Michelle 
Bebeza, Simone Machiu, Theo Geswindt, John Davis, Riki Ferreira and 
Irvin Booysen, Jolanda Myburgh.  
 My family and Steven for their love and endless moral support. 
 God for making all things possible.  
 ii 
CONTENTS 
   Page 
Acknowledgements .............................................................................................................................  i 
List of Tables .......................................................................................................................................  viii 
List of Figures .....................................................................................................................................  xii 
Abbreviations ......................................................................................................................................  xvii 
Summary  .........................................................................................................................................  xviii 
CHAPTER 1: INTRODUCTION  1 
1.1 INTRODUCTION ...................................................................................  1 
1.2 AN OVERVIEW OF THE SEPARATING AGENTS USED FOR THE 
SEPARATION OF PGMs AND THEIR EVALUATION ...........................  2 
1.2.1 GOLD SEPARATION .....................................................................................................  3 
1.2.1.1 With S-donor extractants ................................................................................................  3 
1.2.1.2 With N chelates: .............................................................................................................  6 
1.2.1.3 Ion pairing agents ...........................................................................................................  6 
1.2.2 PALLADIUM(II) SEPARATION ......................................................................................  6 
1.2.3 RHODIUM SEPARATION ..............................................................................................  7 
1.2.4 PLATINUM SEPARATION .............................................................................................  8 
1.3 THE VARIOUS CHLOROANIONIC SPECIES PRESENT AND 
FACTORS DETERMINING THEIR CONCENTRATION ........................  9 
1.3.1 SPECIES DISTRIBUTION CURVES .............................................................................  9 
1.3.1.1 Gold chlorospecies .........................................................................................................  10 
1.3.1.2 Palladium chlorospecies .................................................................................................  12 
1.3.1.3 Chlororhodium(III) species .............................................................................................  13 
1.3.1.4 Iridium chlorospecies ......................................................................................................  14 
1.3.1.5 Platinum chlorospecies ..................................................................................................  15 
1.3.1.6 Chlorospecies of contaminants ......................................................................................  16 
1.3.2 SECONDARY FACTORS ..............................................................................................  17 
1.3.2.1 Equilibria in solvent system (aqueous HCl) ....................................................................  18 
1.3.2.2 Chloride activity ..............................................................................................................  18 
1.3.2.3 Influence on loading of anions .......................................................................................  20 
CHAPTER 2:   EXPERIMENTAL  22 
2.1 INTRODUCTION ...................................................................................  22 
 iii 
2.2 PREPARATION OF REAGENTS USED ................................................  22 
2.2.1 PREPARATION OF THE RHODIUM AND IRIDIUM STOCK SOLUTIONS ..................  22 
2.2.1.1 Rhodium .........................................................................................................................  22 
2.2.1.2 Iridium .............................................................................................................................  22 
2.2.2 PREPARATION OF SOLUTION CONTAINING A MIXTURE OF IrCl62- AND 
IrCl5(H2O)- .......................................................................................................................  23 
2.2.3 PREPARATION OF THE PLATINUM AND PALLADIUM STOCK SOLUTIONS .....  23 
2.2.4 PREPARATION OF THE IRON AND COPPER STOCK SOLUTIONS ............................  24 
2.2.5 AQUEOUS Cl2 SOLUTIONS ..........................................................................................  25 
2.2.6 OTHER REAGENTS PREPARED AND USED .............................................................  25 
2.3 ACID LOADING OF THE SEPARATING AGENTS (RESINS/ 
EXTRACTANTS) ...................................................................................  25 
2.4 SOLVENT EXTRACTION STUDIES ......................................................  26 
2.5 PRECIPITATION AND SOLUBILITY STUDIES .....................................  26 
2.6 POLYMERIZATION OF DIOLS ..............................................................  27 
2.7 ION EXCHANGE: RESIN STUDIES ......................................................  27 
2.7.1 SYNTHESIS OF AMINE SILICA GEL RESINS .............................................................  27 
2.7.2 SYNTHESIS OF THE PRIMARY AMINE RESIN ...........................................................  28 
2.7.3 THE SYNTHESIS OF AMINE RESINS USING dmf AS SOLVENT................................  28 
2.7.4 SYNTHESIS OF POLYETHER RESINS.........................................................................  28 
2.7.4.1 Silica gel – silane reaction ..............................................................................................  29 
2.7.4.2 Functionalisation of the attached silane: ........................................................................  30 
2.7.5 SYNTHESIS OF PHTHALIMIDE RESIN ........................................................................  31  
2.7.6 DETERMINATION OF CAPACITY OF IRA-900 ............................................................  32 
2.7.7 BATCH ANALYSIS .........................................................................................................  32 
2.8 POTENTIOMETRIC TITRATIONS .........................................................  33 
2.8.1 ARGENTOMETRIC CHLORIDE ANALYSIS .................................................................  33 
2.8.2 COMPLEXOMETRIC TITRATIONS WITH EDTA ..........................................................  33 
2.8.3 IODOMETRIC TITRATIONS ..........................................................................................  34 
2.8.4 SOLUTION POTENTIAL ANALYSES ............................................................................  35 
2.9 SPECTROPHOTOMETRIC METHODS OF   ANALYSIS ......................  35 
2.9.1 INDUCTIVELY-COUPLED PLASMA EMISSION ANALYSIS ........................................  35 
2.9.2 ATOMIC ABSORPTION ANALYSIS ..............................................................................  36 
2.9.3 UV-VIS ABSORPTION SPECTROSCOPIC ANALYSIS (SPECIES IDENTIFICATION AND 
ALSO ANALYTICAL CONTROL (iridium(IV)) ....................................................................  37 
2.10 COMPUTER METHODS ........................................................................  37 
 iv 
CHAPTER 3:  STRUCTURAL AND PHYSICAL PROPERTIES OF IONS 
RELATING TO THEIR SEPARATION – A GENERAL TREATMENT 
ULTIMATELY FOCUSING ON CHLOROANIONIC SPECIES  42 
3.1 INTRODUCTION ...................................................................................  42 
3.2 EXTENSION OF ORIGINAL BORN MODEL .........................................  44 
3.2.1 σ parameter ....................................................................................................................  46 
3.2.1.1 The softness of chemical entities (metal ions, ligands and solvents) ............................  49 
3.2.1.2 Conclusions ....................................................................................................................  49 
3.2.2 Ionic radii ........................................................................................................................  50 
3.2.2.1 Complex inorganic ions ..................................................................................................  51 
3.2.2.2 Organic containing ions ..................................................................................................  52 
3.2.2.3 Summary ........................................................................................................................  55 
3.3 IONS WHICH BEHAVE ABNORMAL ....................................................  56 
3.4 TYPES OF DIFFERENT BULKY ANIONS .............................................  57 
3.5 INTERMEDIATE ANIONIC SPECIES ....................................................  62 
3.6 PLATINUM SPECIFIC SEPARATING AGENTS ....................................  64 
3.7 IONS INVOLVED IN THE SEPARATION OF AuCl4- .............................  65 
3.7.1 AuCl4-...................................................................................................................................................................................................   65 
3.7.2 FeCl4- ..............................................................................................................................  66 
3.8 BULKY CATIONS AND THEIR CHARGE DENSITIES ..........................  66 
3.9 TABLES  ...............................................................................................  72 
CHAPTER 4:   PLATINUM SPECIFICITY AND RESIN DEVELOPMENT RESULTS  74 
4.1 INTRODUCTION ...................................................................................  74 
4.2 CHARGED SPECIES TO BE CONSIDERED ........................................  75 
4.3 IN CONCLUSION ..................................................................................  76 
4.4 PRIMARY AMINE STUDIES (RNH3+ CATIONIC SITES) .......................  78 
4.4.1 Column studies ...............................................................................................................  79 
4.4.2 Studies with secondary ammonium cationic centra .......................................................  80 
4.4.3 More bulky unbranched species (octylamine) ................................................................  81 
4.5 SOLVENT EXTRACTION STUDIES ......................................................  82 
4.5.1 Branched secondary amine resins (intermediate cationic sites) ....................................  83 
4.5.2 2-aminobutane ...............................................................................................................  85 
4.5.2.1 2-aminobutane resin .......................................................................................................  86 
 v 
4.6 STUDIES WITH THE 2-AMINOBUTANE RESIN USING DMF AS 
SOLVENT ..............................................................................................  90 
4.6.1 Column study using a mixture of platinum, rhodium and iridium ...................................  92 
4.6.1.1 Fraction studies ..............................................................................................................  92 
4.7 STUDIES WITH THE 2-AMINO-3-METHYLBUTANE SPECIES ...........  95 
4.7.1 Solvent extraction studies ..............................................................................................  96 
4.8 STUDIES USING AMINOHEXANE DERIVATIVES ...............................  98 
4.8.1.1 2-aminohexane ...............................................................................................................  98 
4.8.2 1-amino-2-ethylhexane ...................................................................................................  99 
4.9 STUDIES WITH 2-AMINOOCTANE ......................................................  101 
4.9.1 The 2-aminooctane resin (ethanol) ................................................................................  102 
4.9.1.1 2-aminooctane resin (dmf) .............................................................................................  104 
4.10 COLUMN STUDIES ...............................................................................  105 
4.11 STUDIES PERFORMED ON FEED SOLUTIONS .................................  110 
4.11.1 Results of the 2-aminobutane resin ...............................................................................  110 
4.11.1.1 Column studies with the feed solution ............................................................................  110 
4.12 STUDIES WITH 2-AMINOOCTANE ......................................................  114 
CHAPTER 5:  SUMMARY AND DISCUSSION  118 
5.1 DISTORTABILITY; RD; SOFTNESS; AND HYDROPHOBICITY ...............  118 
5.2 STEREOCHEMISTRY EFFECT ............................................................  119 
5.2.1 The physical nature of resins .........................................................................................  120 
5.2.2 Resin densities and capacities .......................................................................................  121 
5.2.3 Effect of different solvents: .............................................................................................  123 
5.2.3.1 Ethanol as solvent ..........................................................................................................  123 
5.2.3.2 Dmf as solvent: ...............................................................................................................  124 
5.2.4 “HCl-EFFECT” ................................................................................................................  125 
5.2.5 Specificity .......................................................................................................................  126 
5.2.5.1 PtCl42- .............................................................................................................................  126 
5.2.5.2 IrCl63- ...............................................................................................................................  127 
5.2.5.3 Rhodium .........................................................................................................................  127 
5.2.5.4 FeCl4- ..............................................................................................................................  128 
5.2.5.5 IrCl62- ...............................................................................................................................  129 
5.3 CONCLUSION .......................................................................................  129 
5.4 RESIN SELECTION ...............................................................................  129 
 vi 
CHAPTER 6:     GOLD SEPARATION STUDIES  130 
6.1 INTRODUCTION ...................................................................................  130 
6.2 THE SUITABILITY OF THE DIFFERENT CHEMICAL GROUPS FOR 
GOLD SEPARATION .............................................................................  131 
6.2.1 S-donors .........................................................................................................................  131 
6.2.2 N-containing separating agents .....................................................................................  131 
6.2.3 Oxygen-donors ...............................................................................................................  132 
6.2.4 Studies with amides .......................................................................................................  133 
6.3 STUDIES WITH A MALONAMIDE SEPARATING AGENT ....................  133 
6.3.1 SYNTHESIS OF MALONAMIDE RESIN ........................................................................  133 
6.4 STUDIES WITH PHTHALIMIDE SEPARATING AGENT .......................  134 
6.4.1.1 Polyethers as oxygen-donors .........................................................................................  138 
6.4.1.2 Polyethers having 1 – 5 oxygens ...................................................................................  139 
6.4.1.3 Diethyleneglycol 2-ethylhexyl ether ................................................................................  139 
6.4.1.4 P2C18 (BRIJ 72) ............................................................................................................  140 
6.4.1.5 P4C12 (BRIJ 30) ............................................................................................................  141 
6.4.2 Aliphatic substitution groups containing 5 – 11 oxygen atoms ......................................  142 
6.4.2.1 P6C13 resin behaviour ...................................................................................................  142 
6.4.2.2 P10C18 (BRIJ 76) resin behaviour ................................................................................  143 
6.4.3 Aliphatic substitution groups containing more than 11 oxygen atoms ...........................  144 
6.4.3.1 P12C13 resin behaviour .................................................................................................  144 
6.4.3.2 P18C13 resin ..................................................................................................................  145 
6.4.3.3 P20C13 resin ..................................................................................................................  145 
6.4.3.4 P20C16 resin ..................................................................................................................  145 
6.4.3.5 P20C18 (polyoxyethylene 20 oleyl ether) resin .............................................................  145 
6.4.3.6 P22C12 (BRIJ 35) resin .................................................................................................  146 
6.4.3.7 P2000 resin behaviour ...................................................................................................  147 
6.4.3.8 P16C48 resin behaviour .................................................................................................  147 
6.4.3.9 TERATHANE resin behaviour ........................................................................................  148 
6.4.3.10 Poly(propyleneglycol)monobutyl ether resin behaviour .................................................  148 
6.4.4 Aromatic substitution groups ..........................................................................................  149 
6.4.4.1 Triton X-45 ......................................................................................................................  149 
6.4.4.2 Igepal CO-890 resin behaviour ......................................................................................  150 
6.4.4.3 Triton X-114 ....................................................................................................................  151 
6.5 SUMMARY .............................................................................................  153 
 vii 
CHAPTER 7:  CONCLUSIONS  154 
REFERENCES    162 
 
 viii 
LIST OF TABLES 
   Page 
Table 1.1: Dominant chloroiridium(III) species as a function of HCl concentration 15 
Table 2.1:  General ICP settings used...................................................................  35 
Table 2.2:  Platinum group metal isotopes used....................................................  36 
Table 2.3:  AA Spectrometer settings used ...........................................................  36 
Table 2.4:  Resonance lines selected for iron and copper.....................................  37 
Table 2.5:  Chemicals used ...................................................................................  38 
Table 3.1   Ion size and hydration data for representative anions .........................  43 
Table 3.2   Softness parameter values for some ions ...........................................  48 
Table 3.3:   Ion size and extended hydration data for representative anions..........  51 
Table 3.4:  G vs 1/r for some large anions.............................................................  54 
Table 3.5:  Polarizability (RD) vs 1/r .......................................................................  55 
Table 3.6:  Solubility and physical data for perchlorate salts. ................................  59 
Table 3.7:     Solubilities of the rhodium(III) ammonium salts...................................  61 
Table 3.8:   A few prototypes of the two extreme cases and an intermediate type.  62 
Table 3.9:  Solubility data for the ammonium salts of perchlorate (in water) and 
the chloroanionic platinum group metals (in 3 M HCl) (Molarity of 
saturated solutions). ............................................................................  63 
Table 3.10:  Charge distribution on the hydrogens of the ammonium cations. ........  67 
Table 3.11:  RD vs softness for cations....................................................................  72 
Table 3.12:  RD vs softness for anions.....................................................................  72 
Table 3.13:  G vs 1/r for cations ..............................................................................  73 
Table 4.1:  The most important chloroanionic species present in the feed 
solutions. .............................................................................................  74 
Table 4.2:  Results of batch studies done with the primary ammonium resin using 
0.005 M metal solutions.......................................................................  79 
Table 4.3: The results of column studies with platinum on the primary amine 
resin.....................................................................................................  79 
Table 4.4:  Results of solvent extraction studies using 0.001 M metal solutions 
 ix 
with the precursor aminated with ethylamine.......................................  81 
Table 4.5:  Results obtained with ethylamine resin batch studies using 0.005 M 
metal solutions.....................................................................................  81 
Table 4.6:  Solvent extraction studies with the precursor aminated with 
octylamine using 0.001 M metal ion solutions in different molarities of 
HCl. .....................................................................................................  82 
Table 4.7:  Batch studies at 3 M HCl with the octylamine resin synthesized in 
ethanol solution. ..................................................................................  83 
Table 4.8:  All the amines used for amination of precursor  in the total program..  84 
Table 4.9:  The data found with solvent extraction studies with the precursor 
aminated with 2-aminobutane using chloroform as solvent and 0.001 
M metal solutions.................................................................................  86 
Table 4.10:  The results of batch studies obtained from the 2-aminobutane resin 
synthesized in ethanol solution............................................................  87 
Table 4.11:  Column studies of platinum on 2-aminobutane resin...........................  89 
Table 4.12:  The results obtained from batch studies on 2-aminobutane resin 
prepared in dmf, using 0.005 M metal solutions. .................................  90 
Table 4.13: Column studies on 2-aminobutane resin to determine the platinum 
capacity at a number of HCl concentrations. .......................................  92 
Table 4.14:  Solvent extraction studies with the precursor aminated with 2-amino-
3-methylbutane....................................................................................  96 
Table 4.15: The values obtained from batch studies with the 2-amino-3-
methylbutane resin. .............................................................................  97 
Table 4.16:  A column study on 2-amino-3-methylbutane resin to determine its 
platinum capacity at 1 M HCl concentration.........................................  97 
Table 4.17:  Solvent extraction studies with the precursor aminated with 2-
aminohexane. ......................................................................................  98 
Table 4.18:  Solvent extraction studies with the precursor aminated with 1-amino-
2-ethylhexane. .....................................................................................  100 
Table 4.19:  Results of the solvent extraction studies with the precursor aminated 
with 2-aminooctane. ............................................................................  101 
Table 4.20:  The results for the 2-aminooctane resin synthesized in ethanol. .........  102 
Table 4.21:  Results of column studies performed using PtCl42- with the 2-
 x 
aminooctane resin synthesized in ethanol. ..........................................  103 
Table 4.22:  Results of batch studies with 2-aminooctane resin synthesized in dmf. 104 
Table 4.23:  Column studies on 2-aminooctane resin synthesized in dmf using a 
1:1 ratio of mole resin to mole platinum to determine the platinum 
capacity. ..............................................................................................  106 
Table 4.24:  The results of column studies with the feed solution on 2-
aminobutane resin using the mole ratio of resin to platinum 1:1 at 1 M 
HCl and 653 mV. .................................................................................  110 
Table 4.25:  The results of column studies with the feed solution on 2-
aminobutane resin using the mole ratio of resin to platinum 1:1 at 3 M 
HCl and 652 mV. .................................................................................  111 
Table 4.26:  The results of column studies with the feed solution on 2-
aminobutane resin using the mole ratio of resin to platinum 1:1 at 6 M 
HCl and 631 mV. .................................................................................  111 
Table 4.27:  The results of column studies with the feed solution on 2-
aminobutane resin using the mole ratio of resin to platinum 1:2 at 1 M 
HCl and 650 mV. .................................................................................  112 
Table 4.28:  The results of column studies with the feed solution on 2-
aminobutane resin using the mole ratio of resin to platinum 1:2 at 3 M 
HCl and 642 mV. .................................................................................  113 
Table 4.29:  The results of column studies with the feed solution on 2-
aminobutane resin using the mole ratio of resin to platinum 1:2 at 6 M 
HCl and 644 mV. .................................................................................  113 
Table 4.30:  The results of column studies with the feed solution on 2-
aminooctane resin using the mole ratio of resin to platinum 1:1 at 1 M 
HCl and 661 mV. .................................................................................  114 
Table 4.31:  The results of column studies with the feed solution on 2-
aminooctane resin using the mole ratio of resin to platinum 1:1 at 3 M 
HCl and 652 mV. .................................................................................  114 
Table 4.32:  The results of column studies with the feed solution on 2-
aminooctane resin using the mole ratio of resin to platinum 1:1 at 6 M 
HCl and 702 mV. .................................................................................  115 
 
 xi 
 
Table 4.33:  The results of column studies with the feed solution on 2-
aminooctane resin using a mole ratio of resin to platinum of 1:2 at 1 
M HCl and 642 mV. .............................................................................  116 
Table 4.34:  The results of column studies with the feed solution on 2-
aminooctane resin using a mole ratio of resin to platinum of 1:2 at 3 
M HCl and 649 mV. .............................................................................  116 
Table 4.35:  The results of column studies with the feed solution on 2-
aminooctane resin using a mole ratio of resin to platinum of 1:2 at 6 
M HCl and 638 mV. .............................................................................  117 
Table 6.1:  The loading of platinum and gold chlorocomplexes at different HCl 
concentrations. ....................................................................................  134 
Table 6.2:   The loading of gold chlorocomplexes in different HCl concentrations 
on dioctylether. ....................................................................................  139 
Table 6.3:   The loading of gold chlorocomplexes in different HCl concentrations.  143 
 
 
 xii 
LIST OF FIGURES 
   Page 
Figure 1.1:  The global distribution of platinum and palladium...............................  1 
Figure 1.2:   2-mercaptobenzothiazole............................................................................  3 
Figure 1.3:   Isothiouronium ....................................................................................  3 
Figure 1.4:   Thiosemicarbazide .......................................................................................  3 
Figure 1.5:   The P-TD resin ...................................................................................  3 
Figure 1.6:   Synthesized phosphine sulphide-type macroporous polymers ...........  4 
Figure 1.7:   Thiourea compounds..........................................................................  4 
Figure 1.8:   Thiocarbamate....................................................................................  4 
Figure 1.9:    Dithiocarbamate..................................................................................  5 
Figure 1.10:  Dithizone sorbent................................................................................  7 
Figure 1.11:   Polyacrolein-isonicotinic acid hydrozone resin ...................................  7 
Figure 1.12: The species distribution curves for Au(III) as a function of the log of 
the  chloride ion concentration in acidic medium. ...............................  10 
Figure 1.13:  The species distribution curves for Au(III) as a function of the log of 
the hydrogen ion concentration in chloride medium............................  11 
Figure 1.14:  The species distribution curves for palladium(II) as a function of the 
log of the chloride ion concentration. ..................................................  12 
Figure 1.15:  The species distribution curves for rhodium(III) as a function of the 
log of the chloride ion concentration. ..................................................  14 
Figure 1.16:  The species distribution curves for platinum as a function of the log 
of the chloride ion concentration. ........................................................  16 
Figure 1.17:  Species distribution curves for iron(III) chloride. .................................  17 
Figure 1.18:  Water Activity in Hydrochloric Acid Solutions at 298 K .......................  18 
Figure 1.19:  Chloride Activity in Hydrochloric Acid Solutions at 298 K ...................  19 
Figure 1.20: HCl loading with Triton X-45 and Triton X-114 as a function of 
aqueous HCl molarity. ........................................................................  20 
Figure 1.21:   Extraction of Co(II) from HCl solutions (concentration in mol dm-3) by 
three  different ammonium salts in 5 % isodecanol-benzene..............  21 
 xiii 
Figure 1.22: Abundances of the different cobalt(II) complexes as a function of HCl                  
concentration; CoCl2 molality, 0.11 – 0.16. .........................................  21 
Figure 3.1:   RD vs softness for cations (refer table 3.11) at the end of this chapter....  53 
Figure 3.2:   RD vs softness for anions (refer table 3.12) at the end of this chapter ....  53 
Figure 3.3:   A plot of Ghydr in kJ vs 1/r (refer table 3.13) for cations. ......................  53 
Figure 3.4:   Plot of polarizability (RD) vs 1/r (refer table 3.5) for cations.................  55 
Figure 3.5:   Solid reflectance spectrum of the Rhodium(III)-ethylenediammonium 
complex. .............................................................................................  61 
Figure 3.6:    Fractional charge on hydrogen atoms of ammonium cations. ............  68 
Figure 3.7:   Models for the ammonium ion.............................................................  69 
Figure 3.8:   Models for the methylammonium ion ..................................................  69 
Figure 3.9:   Models for the dimethylammonium ion ...............................................  70 
Figure 3.10:  Models for the trimethylammonium ion ...............................................  70 
Figure 3.11:  Models for the tetramethylammonium ion...........................................  70 
Figure 3.12:  Spacefilling models of i) chloride; ii) perchlorate, iii) PtCl62-, iv) BO2-, 
v) AuCl4-, vi) FeCl4-, vii) ClO2- and viii) water.......................................  71 
Figure 4.1:  Formation of percentage of IrCl62- from IrCl5(H2O)2- in 6 M HCl upon 
chlorination at room temperature as a function of oxidizing potential .  76 
Figure 4.2:    Ball-and-stick- and spacefilling models of the primary amine resin.....  78 
Figure 4.3:    Ball-and-stick- and spacefilling models of the ethylamine resin. .........  80 
Figure 4.4:    Ball-and-stick- and spacefilling models for octylamine resin...............  82 
Figure 4.5:  Graphical representation of solvent extraction studies with the 
precursor aminated with octylamine using 0.001 M metal ion 
solutions in different molarities of HCl.................................................  83 
Figure 4.6:    Ball-and-stick- and spacefilling models for the 2-aminobutane resin. .  85 
Figure 4.7:   The loading of various metals at different HCl concentrations through 
batch studies on the 2-aminobutane resin. .........................................  88 
Figure 4.8:   The capacities for platinum in terms of grams platinum per litre.........  90 
Figure 4.9:  The graphical representation of the various metals in different HCl 
concentrations with the resin synthesized from 2-aminobutane. ........  91 
Figure 4.10: Fraction study on 2-aminobutane with a platinum, rhodium and 
iridium(III) mixture in 1 M HCl. ............................................................  93 
 xiv 
Figure 4.11:  Fraction study on 2-aminobutane with a mixture of platinum, rhodium 
and iridium(III) in 3 M HCl. ..................................................................  94 
Figure 4.12:  A fraction study on 2-aminobutane resin using a mixture of platinum, 
rhodium and iridium(III) in 6 M HCl. ....................................................  95 
Figure 4.13:  Ball-and-stick- and spacefilling models for the 2-amino-3-
methylbutane resin. ............................................................................  95 
Figure 4.14: Graphical representation of solvent extraction studies with the 
precursor aminated with 2-aminohexane............................................  99 
Figure 4.15:  Ball-and-stick- and spacefilling models of the 1-amino-2-ethylhexane 
resin....................................................................................................  99 
Figure 4.16  The graphical representation of the results for the 2-aminooctane 
resin synthesized in ethanol................................................................  103 
Figure 4.17:  Graphical representation of results of batch studies with 2-
aminooctane resin synthesized in dmf................................................  105 
Figure 4.18:   A fraction study on 2-aminooctane resin prepared in dmf using a 
mixture of platinum, rhodium and iridium in 1 M HCl at 332 mV. ........  107 
Figure 4.19:  A fraction study on 2-aminooctane resin prepared in dmf using a 
platinum, rhodium and iridium mixture in 1 M HCl at 355 mV. ............  108 
Figure 4.20:  A fraction study on 2-aminooctane resin prepared in dmf using a 
mixture of platinum, iridium and rhodium in 3 M HCl. .........................  109 
Figure 4.21:  A fraction study on 2-aminooctane resin prepared in dmf using a 
mixture of platinum, rhodium and iridium in 6 M HCl. .........................  110 
Figure 5.1:  R vs number of carbons for primary, secondary, tertiary and 
branched amines. ...............................................................................  118 
Figure 5.2:  A plot of the specific gravity of each of the two types or resins 
against number of carbon atoms in the 2-aminoalkanes employed. ...  120 
Figure 5.3:  Capacities for the various 2-aminoalkane resins in mmol/10ml ..........  121 
Figure 5.4:  Capacities in mmol/g for the various 2-aminoalkane resins . ..............  122 
Figure 5.5:  Mole ratios of capacities of chloride to platinum (mmol/g resin) for 
some 2-aminoalkane resins. ...............................................................  122 
Figure 5.6:  A plot of platinum capacity in g/litre vs [HCl] for various 2-
aminoalkane resins prepared in ethanol. ............................................  124 
 xv 
Figure 5.7:  A plot of platinum capacity (in g /litre resin) vs [HCl] for various resins 
prepared in dmf...................................................................................  125 
Figure 5.8:  The percentage extraction curves for the PtCl42- onto various amine 
resins prepared in ethanol obtained via batch studies. .......................  126 
Figure 5.9:  The percentage extraction curves of IrCl63- obtained from batch 
studies with various amine resins prepared in ethanol. ......................  127 
Figure 5.10:  The percentage extraction curves for rhodium(III) chlorocomplexes 
obtained from batch studies on various amine resins prepared in 
ethanol................................................................................................  128 
Figure 5.11:  The percentage extraction curves for FeCl4- obtained from batch 
studies on various amine resins prepared in ethanol..........................  128 
Figure 6.1   Structure and spacefilling model of the tetramethylated malonamide 
resin....................................................................................................  134 
Figure 6.2:   Functionalization of the silyl precursor with phthalimide. ....................  135 
Figure 6.3:   Fixation of phthalimide on silica gel. ...................................................  135 
Figure 6.4:   Spacefilling model of phthalimide resin...............................................  136 
Figure 6.5:  Percentage loading of gold and platinum onto phthalimide resin vs 
[HCl]....................................................................................................  136 
Figure 6.6:  Loading curve for platinum at 1 M HCl................................................  137 
Figure 6.7:   Loading curve for gold on phthalimide resin in 1 M HCl......................  138 
Figure 6.8:   Structure of diethyleneglycol 2-ethylhexyl ether resin.........................  139 
Figure 6.9:   Solvent extraction of gold with diethyleneglycol 2-ethylhexyl ether in 
different HCl concentrations ...............................................................  140 
Figure 6.10:   Structure of P2C18 resin. ...................................................................  140 
Figure 6.11:   Solvent extraction studies of gold with diethyleneglycol 2-ethylhexyl 
ether (C8) and P2C18 (C18) in different HCl concentrations..............  141 
Figure 6.12:   Structure of P4C12 resin. ...................................................................  141 
Figure 6.13: Solvent extraction and resin studies of gold with P4C12 in different 
HCl concentrations. ............................................................................  142 
Figure 6.14:   Structure of P6C13 resin. ...................................................................  142 
Figure 6.15:   Structure of P10C18 resin. .................................................................  143 
Figure 6.16:   Loading curve for gold on P10C18 resin.............................................  143 
Figure 6.17:   Loading curve for iron on P10C18 resin. ...........................................  144 
 xvi 
Figure 6.18:  Structure of P12C13 resin. .................................................................  144 
Figure 6.19:  Structure of P18C13 resin...................................................................  145 
Figure 6.20   Structure of P20C13 resin. .................................................................  145 
Figure 6.21:  Structure of P20C16 resin...................................................................  145 
Figure 6.22:  Structure of P20C18 ether resin. ........................................................  145 
Figure 6.23:  Structure of P22C12 resin...................................................................  146 
Figure 6.24: Resin studies of gold and platinum with P20C16 resin in different HCl 
concentrations. ...................................................................................  146 
Figure 6.25:  Structure of P2000 resin. ....................................................................  147 
Figure 6.26:  Structure of P16C48 resin...................................................................  147 
Figure 6.27:  Structure of TERATHANE resin..........................................................  148 
Figure 6.28:  Structure of poly(propyleneglycol)monobutyl ether resin. ...................  148 
Figure 6.29:  Structure of Triton X-45 resin..............................................................  149 
Figure 6.30: Solvent extraction of gold with Triton X-45 in different HCl 
concentrations. ...................................................................................  149 
Figure 6.31:  Structure of Igepal CO-890 resin. .......................................................  150 
Figure 6.32:  Loading curve of gold on Igepal CO-890 resin....................................  150 
Figure 6.33:  Structure of Triton X-114 resin............................................................  151 
Figure 6.34: Resin studies of gold, platinum and iron with Triton X-114 resin in 
different HCl concentrations. ..............................................................  151 
Figure 6.35:  Loading curve of gold on Triton X-114 resin. ......................................  152 
Figure 6.36:  Loading curve of iron on Triton X-114 resin. .......................................  152 
 
 
 xvii 
ABBREVIATIONS 
Å: Angstrom  
AA: atomic absorption 
but: butyl 
DETA: diethylenetriamine 
dmf: dimethylformamide 
E°: redox potential 
EDTA: ethylenediaminetetraacetic acid 
et: ethyl 
EtOH: ethanol 
HCl: hydrochloric acid 
ICP: Inductively coupled plasma 
K Kelvin 
KD: equilibrium constant 
L: ligand 
M: molar concentration (mol.dm-3) 
me: methyl 
mV: millivolt 
PGMs: platinum group metals 
SG: specific gravity 
TATB: tetraphenylarsoniumtetraphenylborate 
UV-VIS ultraviolet visible 
V: volt 
∆Ghydr: Gibbs energy change of hydration 
ε: dielectric constant 
εM: molar extinction 
σ: softness 
 
 xviii 
SUMMARY 
In this thesis, the aim was to develop resins which are platinum and gold specific 
to be utilized for the early removal of these metals from the industrial feed.  Efforts 
were therefore directed towards the synthesis of silica based resins with active 
centra which were designed for platinum and gold specificity respectively.  The 
large chlorometallate ions in the feed stream were characterized in terms of 
physical parameters relevant to phase distribution namely distortability (RD), 
charge density, softness (σ) etc.  Matching cations for each of the types were 
investigated.  In order to attempt the design of platinum specific resins different 
structural amines were used to aminate the silicone precursor and subsequently to 
fix these onto the silica framework.  Two different solvents i.e. alcohol and dmf 
were used for this process, resulting in two sets of resins with different properties.  
For gold specific resins, various polyethers were attached to a different type of 
silicone precursor, which was attached to the silica framework. 
The design was based on previous experience with these ions with reference to 
their behaviour towards different types of cations. 
The platinum species PtCl62- and PtCl42-, the gold species AuCl4-, as well as the 
most important contaminants in the feed stream were typified bearing in mind size, 
charge, charge density and distortability.  Different types of cationic centra having 
differences in charge density, stereochemical crowding and extent of 
hydrophobicity were synthesized and tested both as solvent extractants (where 
possible) and silica based resins.  The results indicated that partly screened 
secondary ammonium cationic resin species, which could be regarded as 
“intermediate”, proved to be satisfactory both in their high percentage extraction 
for PtCl42- and rejection of contaminants like chlororhodates, chloroiridates(III) and 
FeCl4-.  It was, however, necessary to work at a redox potential where iridium(IV) 
in the form of IrCl62- is absent.  
Various 2-aminoalkane resins were prepared with variation in the length of alkane 
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group and synthesized in the two different solvents.  The latter resulted in two sets 
of resins with different compactness also having significantly different properties 
with reference to platinum specificity, HCl effect and stripping potential.  The 2-
aminobutane and 2-aminoheptane resins both proved to be very satisfactory 
platinum specific resins with respect to selectivity, platinum capacity and stripping 
potential. 
The various physical parameters could be utilized to accommodate the chemical 
behaviour. 
To obtain gold specific resins, experiments were performed with resins having 
oxygen-donor atoms which can readily be protonated to form onium type cations 
for example amides and ether oxygen atoms.  In the case of the latter, various 
polyethers with a different number of ether groups (polyether groups linked by 
ethylene and propylene groups) and variations of hydrophobicity (by substitution) 
have also been studied.  Linked to the polyether groups were alkane and aryl 
groups.  Those having 8 to 10 ether groups and aromatic tail ends proved to be 
moderately successful in terms of gold capacity and sharp breakthrough curves of 
their columns, however, platinum could not be very effectively rejected. 
Keywords:  platinum, gold, separation, silica-based resins, chlorometallate ions, 
feed stream  
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CHAPTER 1: 
INTRODUCTION 
1.1 INTRODUCTION 
Platinum group metals and gold play an important role in world economy due to 
their great inertness in the normal aqueous systems found in everyday life.  This 
property leads to their labelling as “noble metals” and worldwide application in 
jewellery almost from the beginning of time.  Together with an increase in the 
development of their chemical behaviour, an increasing application as catalysts 
occurred during earlier years for the synthesis of both inorganic and organic 
chemicals.  More recently, their role as catalysts greatly increased in the form of auto 
catalyst syntheses.  During the last 30 years the use of platinum complexes as anti 
cancer agents increased to such an extent that some platinum drugs are rated 
number 1 as treatment for some types of cancer, e.g. oxaliplatin for colon cancer. 
When the global distribution of the platinum group metals is considered it becomes 
obvious that these metals are almost without exception found only in two countries 
namely, South Africa and Russia.  In Russia, the ratio of palladium to platinum is in 
favour of the former, whereas in South Africa it is the opposite.  The greatest ore 
bodies in South Africa are owned by two large mine houses, viz. Anglo American and 
Impala Platinum.  The mining of the platinum group metals and their refining is not 
only a major source of income to South Africa, but also for employment. 
 
 
 
 
 
Figure 1.1: The global distribution of platinum and palladium. 
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These metals appear in a very complex ore body in which they are bonded mainly to 
so-called soft ligands, for example sulphides or polysulphides, arsenides, selenides 
and tellurides.  Not only are they all found together, i.e. platinum, palladium, rhodium, 
iridium, osmium and ruthenium, but are also accompanied by smaller or greater 
quantities of other valuable metals like small quantities of silver and gold, and larger 
quantities of iron, copper, cobalt and nickel (3d transition metals).  Their chemical 
properties are closely related and are typically those of later 4d and 5d transition 
metals of which high covalent character in the bonding, slow ligand exchange 
(kinetic stability) and variable oxidation states are common properties.  Their 
reactions are not only controlled by thermodynamics, but also by kinetics.  These 
properties greatly contribute towards the problematic nature of their dissolution and 
isolation in high degrees of purity. 
The main purpose of this study is to achieve the selective removal of platinum and 
gold at an early stage of the industrial process.  To separate these metals and to 
evaluate briefly their significance, it is however necessary to investigate all the 
previous methods.  Thus, the different separation methods will be discussed in terms 
of industrial application in the context of a mixture of metal ions. 
1.2 AN OVERVIEW OF THE SEPARATING AGENTS USED 
FOR THE SEPARATION OF PGMs AND THEIR 
EVALUATION 
Three methods have been applied for the separation of these metals namely 
precipitation, solvent extraction and ion exchange. 
The older methods of separation of these metals were mainly centred around 
precipitation and mainly in the form of their chlorocomplexes.  In light of 
developments in solvent extraction and ion exchange systems, most of the 
precipitation reactions are replaced by modern processes, although in a few 
cases precipitation is still used for the final isolation of some of these, for 
example: platinum and rhodium. 
Solvent extraction and ion exchange methods are commonly used.  The 
individual metals will be discussed with reference to types of extractant. 
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1.2.1 GOLD SEPARATION 
1.2.1.1 With S-donor extractants 
Gold has a particularly high affinity for S-donor ligands especially thiols (-SH), 
e.g. Duolite GT-73 (a polystyrene resin with thiol (-SH) functional groups);1   2-
mercaptobenzothiazole2 (figure 1.2); but also isothiouronium (figure 1.3); 
thiosemicarbazide (figure 1.4), e.g. a chelating ion-exchange resin containing 
thiosemicarbazide as functional group;3   dithizone, eg.  the P-TD resin4 
(figure 1.5); phosphine sulphides (P=S), e.g. synthesized phosphine sulphide-
type macroporous polymers5,6 (figure 1.6) and thiourea (C=S) compounds (figure 
1.7).  There are also anionic S-donors e.g. thiocyanate (SCN-);   thiosulfate 
(S2O32-); thiocarbamate (figure 1.8) and dithiocarbamate (figure 1.9).   
                                                                                     
         
 
 
Figure 1.2:  2-mercaptobenzothiazole Figure 1.3:  isothiouronium 
 
 
 
 
Figure 1.4:  thiosemicarbazide Figure 1.5:  the P-TD resin 
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Figure 1.6:  Synthesized phosphine sulphide-type macroporous polymers 
 
Figure 1.7:  thiourea compounds                   
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Figure 1.8:  thiocarbamate 
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Figure 1.9:  dithiocarbamate. 
These extractants are useful to preconcentrate the metal from very low 
concentrations as a result of the great affinity.  In all the reactions with S-donor 
ligands, ligand exchange is involved.  Such reactions are slow4 due to the kinetic 
stability of the highly covalent square planar Au(III) and linear Au(I) (after reduction) 
complexes.  This is further slowed down by redox reactions which occurs in some 
cases: Au(III) → Au(I).  This is in sharp contrast with ion pairing reactions of AuCl4- 
with cationic species.  Furthermore these reactions are very difficult to reverse 
because of the double bond character between gold and S-donors.  In most cases, 
stripping of the loaded gold species need drastic reaction conditions, in many cases 
the use of a soluble sulfur stripping agent like thiourea in the presence of HCl. 
Reactions of AuCl4- with different S-donor ligands are as follows: 
                                                              
(a) AuCl4-  +                                                       AuCl3.SR2         +           Cl- 
                                     
 
Stripping can be achieved by more concentrated HCl solutions.  This type 
of reaction is likely with neutral 
 
ligands. 
(b) AuCl4-  +  RSH  →  AuSR  +  Cl-  +  Cl2 
C S       and P S
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Stripping of this type of reaction is much more difficult and can only be 
achieved by heating with concentrated HCl with or without thiourea when 
the reverse reaction is likely to be 
HSRAuClHCl2H2AuSR 2 +→++ −+∆
−+
 
1.2.1.2 With N chelates: 
N-donor chelates have the same problematics.  Reversibility to obtain stripping 
normally requires treatment with thiourea in HCl medium for which the reaction is 
also slow. 
1.2.1.3 Ion pairing agents 
The separation of AuCl4- by an acceptable cationic species still remains the most 
acceptable form since kinetics is fast (ion pairing).  The cationic site can be either a 
protonated N-atom e.g. Amberlite IRA-35 (a tertiary amine acrylic anion exchange 
resin)8 or O-atom e.g. “polymetaoxycrylate” resin.9  The type of cation however 
needs careful consideration since a number of chloroanionic species could be 
coextracted.  These will however be discussed in greater detail. 
1.2.2 PALLADIUM(II) SEPARATION 
Palladium(II) (PdCl42-) like AuCl4- has a high affinity for S-donor extractants (most of 
the previously mentioned S-donor agents are also suitable for palladium(II) 
separation) e.g. Amberlite XAD-7 resin coated with dimethylglyoxal bis(4-phenyl-3-
thiosemicarbazone);10  dithizone sorbent11 (figure 1.10);  dithiocarbamate (figure 
1.9);12  duolite GT-73;  2-mercaptobenzothiazole (figure 1.2);2  polyacrolein-
isonicotinic acid hydrozone resin7 (figure 1.11);  P-TD resin (figure 1.5);4  a chelating 
ion-exchange resin containing thiosemicarbazide as functional group;3  a dithizone 
anchored poly(vinylpyridine)-base chelating resin13 and synthesized phosphine 
sulphide-type macroporous polymers (figure 1.6)5,6.  The reactions of palladium(II) 
are also kinetically controlled.  They do occur without reduction of the palladium(II).  
With thioether (RSR) donors the reactions of PdCl42- are reversible when using more 
concentrated HCl solutions as stripping agents.  Platinum(IV) does not react with 
these due to its kinetic stability (inertness).  This is thus a good separating agent 
 7 
P
CH N HN C
O
N
P = crosslinked polyacrolein-styrene copolymer
for the exclusive removal of palladium(II) in the presence of other PGMs e.g. 
rhodium(III), iridium(IV) and platinum(IV) which do not react.  Such reagents offer 
better separation than its chloroanionic species PdCl42- due to its similarity to those 
of platinum(IV), platinum(II) and iridium(IV). 
                            
 
 
 
 
Figure 1.10: dithizone sorbent       
 
                                                                                                       
                                                                             
                                                                                                          
 
Figure 1.11:  polyacrolein-isonicotinic acid hydrozone resin 
1.2.3 RHODIUM SEPARATION 
No satisfactory rhodium specific separation method from chloroanionic PGM 
species is known.  RhCl63- can be transformed to a more phase transferable form by 
addition of SnCl42- 14,15,16,17,18,19,20,21,22,23 which reacts stepwise by replacing 
coordinated Cl- with the π-acceptor ligand SnCl3- forming ultimately the very 
extractable Rh(SnCl3)5- species thus after reduction to Rhodium(I).  However, a 
series of similar complexes are formed with iridium(III) and platinum(II) e.g. 
M(SnCl3)2Cl22- (M = Ir or Pt).  These are covalent reactions which form slowly and 
have the additional negative effect of further metal contamination.  As a result of the 
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above effects, this process is unacceptable for macro scale separation.  Rhodium 
can also be separated in the cationic form.24  Rhodium(III) is more commonly 
isolated together with iridium(III) in a hydrolyses step and then redissolved in HCl 
followed by extraction of iridium(IV) after oxidation. 
1.2.4 PLATINUM SEPARATION 
Platinum specificity can not readily be obtained by using S-donor ligands.  
Platinum(IV) does not readily react with S-donors in acid medium, although 
increased temperature will result in reduction to platinum(II).  Platinum(II), when 
heated with S-donors, results in ligand exchange of Cl- for S which forms very stable 
bonds to platinum(II).  These however are not readily reversible.  This is only suitable 
for preconcentration of platinum species from very low levels due to its high affinity 
for S-donors.  It is not suitable for macro separation.  A typical example illustrates 
this behaviour clearly11 – when dithizone for example was used for the separation of 
palladium and platinum, the platinum(IV) was reduced with stannous chloride to 
platinum(II) and contacted with the sorbent which then absorbs both palladium(II) 
and platinum(II).  Stripping could only be achieved by thiourea or by concentrated 
nitric acid.  This method is not specific for platinum since gold, silver and mercury 
also bond to the same sorbent.  Even if they are absent, it is not specific for 
platinum.  A number of similar S-donors and even NS-chelate extractants have been 
used in the past, however mainly for preconcentration all of which have similar 
behaviour as the example mentioned above, for example platinum(II) forms chelates 
with Amberlite XAD-7 resin coated with dimethylglyoxal bis(4-phenyl-3-
thiosemicarbazone);  platinum is extracted as a diphenylthiourea-iodide complex and 
thus separated from palladium, rhodium, iridium and gold;14  tin(II)chloride activates 
the platinum(IV) metal ion chloride complex by reduction to a platinum(II)-tin 
complex, which is extracted by Cyanex 921 (trioctylphosphine oxide) and separation 
from rhodium and palladium is achieved;15  2-mercaptobenzothiazole (figure 1.2) 
also forms an extractable chelate with platinum after the addition of tin(II)chloride 
(which results in platinum’s separation from iridium) or at elevated temperatures.2  A 
polyacrolein-isonicotinic acid hydrozone resin (figure 1.11) binds gold, palladium and 
platinum(II) by chelate action7 – suitable for their preconcentration.  A chelating resin 
prepared through the reaction between chloromethylated poly(vinylpyridine) and 
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dithizone shows high affinity for platinum(IV) metal ions and achieve separation of 
palladium(II) and platinum(IV) from gold(III) and nickel(II).13  The removal of 
platinum(IV) as PtCl62- and PtCl42- in the form of a suitable cationic species still 
remains the most viable method for macro concentration and isolation of platinum.  
However, there are a number of prerequisites to be borne in mind in such a process.  
This will be discussed in detail in which all the different relevant conditions will be 
considered. 
In light of the information discussed in this chapter, and bearing in mind that the 
separation processes employed fulfil the requirements of industrial separation 
processes (macro), factors such as: 
• convenience of operation; 
• processes which will fit into a sequential scheme in which minimal 
adjustment and readjustment are required; 
• relatively economic from a running cost perspective; and 
• minimal health physique problems, for example absence of poisonous gasses. 
make these processes recommendable. 
 In light of the information reviewed as well as the above requirements it was 
decided to concentrate on the removal of chloroanionic species by suitable 
cationic counterparts. 
1.3 THE VARIOUS CHLOROANIONIC SPECIES PRESENT 
AND FACTORS DETERMINING THEIR CONCENTRATION 
1.3.1 SPECIES DISTRIBUTION CURVES 
It is therefore considered necessary to investigate all the different chloroanionic 
species which could be present under the conditions operative in the separation 
systems i.e. species formed as a function of HCl concentration in all of the oxidation 
states of the specific metal which could be present.  Since the conditions of the 
separations for the different metals are different, it is best to consider the situation of 
individual metals.  Such a treatment will now follow.  In general, properties relating to 
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formation constants, redox potential and ligand exchange rate will be considered. 
1.3.1.1 Gold chlorospecies 
In the case of gold, there are three important factors to bear in mind.  Firstly the 
formation of Au(III) chlorocomplexes, both at relatively high and relatively low 
chloride ion concentrations (the latter is specifically required under stripping 
conditions), secondly the redox potential between Au(III) and Au(I) and its 
dependence on chloride ion concentration, and thirdly species involved in Au(I). 
The most common chlorospecies of gold is AuCl4-.  It is thus important to 
consider its species distribution as a function of chloride ion concentration (HCl 
concentration).  The species distribution curves for Au(III) as a function of the log 
of the chloride ion concentration in acidic medium are represented in figure 1.12. 
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Figure 1.12:  The species distribution curves for Au(III) as a function of the log of the 
chloride ion concentration in acidic medium. 
The curves indicate that the Au(III) species with 2 chlorides, 3 chlorides and 4 
chlorides are the most important.  When the diagram is applied in the practical 
chemistry it must be remembered that the tetrachloro species is the most stable 
with decreasing stability in the direction of species containing lesser chloride ions.  
A further important parameter to be borne in mind is the kinetics.  Ligand 
exchange rate of AuCl4- is faster than that of PtCl42- but slower than that of 
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PdCl42-.  The second factor to be considered is the redox potential of the Au(III).  
From the equilibria it can be seen that the AuCl4- species (also the most common 
form of gold) is at the same time also the most stable species when the chloride 
ion concentration is high enough. 
Under stripping conditions i.e. conditions of low chloride ion concentration it is 
also important to know the species present under such conditions.  In 
accompanying figure the species are plotted as a function of pH at constant 
chloride ion concentration (0.158 M). 
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Figure 1.13:  The species distribution curves for Au(III) as a function of the log of the 
hydrogen ion concentration in 0.158 M chloride medium. 
Thus if the loaded gold is stripped by pure water, then pure chlorospecies will 
be exchanged for hydroxyspecies, which according to redox potentials are 
lesser stable than the chlorospecies, which means finely divided gold can 
readily be expected to be deposited.  Whereas the hydrolysis will be rate 
controlled, however partial hydrolysis will be reversed relatively fast to the 
chlorospecies by increase in the HCl concentration, since in going from 
oxygen-donor ligands to chloro-donor ligands is the direction of stabilization, 
since kinetics is also thermodynamically driven.  This is an important aspect. 
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1.3.1.2 Palladium chlorospecies 
 
Figure 1.14:  The species distribution curves for palladium(II) as a function of the log of the 
chloride ion concentration. 
Similar to the previous instance, there are again three main divisions to be 
briefly evaluated.  Firstly, the types of chlorocomplexes – this include the 
square planar PdCl42- which is the common species found for palladium in 
chloride medium, although a dimeric species namely Pd2Cl62- 25 is also found 
in relatively low chloride ion concentration and in the presence of very bulky 
cationic species.  In the case of palladium the redox potential to obtain the last 
species namely, PdCl62- is so high that it is readily decomposed and rarely 
plays a significant role in separation chemistry.  The E° value of the PdCl62-  +  
2e-  ↔  PdCl42-  +  2Cl-  equilibrium is 1.29 V.  Secondly, a further important 
parameter is the kinetics which is faster by an approximate factor of 1 x 105 
than the analogous platinum kinetics.  This factor is quite important since this 
enables the separation of palladium(II) from platinum(IV) by the interaction of 
thioethereal active groups which fairly rapidly coordinates to palladium forming 
PdCl2L2 extractable species, where L is a monodentate thioether and does not 
react with platinum(IV) at all in HCl medium.26 
In dilute hydrochloric acid medium hydrolysis of the chlorospecies can readily 
occur, for example, in 0.1 M chloride 33% of the palladium is already in the form 
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of PdCl3(H2O)- at equilibrium.  This gives some indication of how complexation 
with sulfur-donor ligands, which will be thermodynamically driven, will rapidly 
exchange with aquated or even chloro palladium species thus facilitating its 
selective removal in the absence of gold. 
1.3.1.3 Chlororhodium(III) species 
To some extent there is a comparison between rhodium and palladium in so 
far that both are 4d transition metals.  Ligand exchange for rhodium species is 
again much faster than that of their group analogue i.e. iridium(III) and 
similarly to palladium the redox potential between Rhodium(III) and Rh(IV) 
RhCl62-  +  e-  ↔  RhCl63- is 1.2 V, which again means that Rh(IV) is not 
significant in its separation chemistry.  Rhodium(III) forms stepwise various 
chlorocomplexes.  In hydrochloric acid medium however, the most important 
ones would be RhCl3(H2O)3, RhCl4(H2O)2-, RhCl5(H2O)2- and RhCl63-.  The 
formation constants of the chlorospecies of rhodium have been determined by 
a number of authors.  The results however, differ from the method of 
determination for example spectrophotometric or via solvent extraction 
studies.27,28  A possible representative data are those of Benguerel, 
Demopoulos and Harris,29 these will be used for this purpose.  The distribution 
curves show that the RhCl5(H2O)2- species is an important species in a wide 
range of chloride ion concentrations.  This is important in the separation 
chemistry since the Rh2Cl93- species readily forms from this species by the 
reaction given below: 
                2RhCl5(H2O)2-  ↔  Rh2Cl93-  +  2H2O  +  Cl- 
In the homogeneous system (single phase) the equilibrium is very much to the 
left hand side, however in the presence of a suitable cationic species it can be 
dramatically shifted to the right hand side.  This will later be discussed when 
the characteristics of the anionic species will be treated in detail.  The species 
distribution curves are given in figure 1.15. 
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Figure 1.15:  The species distribution curves for rhodium(III) as a function of the log of the 
chloride ion concentration. 
1.3.1.4 Iridium chlorospecies 
The chlorochemistry of rhodium/iridium is similar.  The normal differences between a 
4d and 5d also applies here, firstly the very much slower ligand exchange of 
the 5d than for the 4d and secondly the greater readiness to which the 5d is 
oxidized to the higher oxidation state for example the E° value for the 
oxidation of iridium(III) to iridium(IV) in chloride medium is 0.87 V – see 
equation below: 
IrCl62-  +  e-  ↔  IrCl63- 
The result is that both oxidation states of iridium hexachlorospecies can occur 
in practical separation chemistry apart from the various aquated forms of each 
of the two.  A further important aspect to consider in a two-phase separation 
system is the fact that the relative concentration of the iridium(IV)/iridium(III) 
species can greatly be altered by the presence of cationic species which 
prefers the one over the other as compared to the homogeneous system 
(single phase).  A great similarity in the behaviour of IrCl62- and PtCl62- is a 
major problem in their separation chemistry.  The stepwise formation 
constants for iridium is not available, however, the species distribution curves 
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of iridium(III) can be expected to be similar to those of rhodium(III), and of 
iridium(IV) similar to platinum(IV).  In stead of the species distribution curves a 
table which indicates the dominant iridium(III) species at a specific HCl concentration 
at room temperature will be included: 
[HCl] Dominant species 
0.1 M IrCl3(H2O)3 
1.4 M IrCl3(H2O)3 
4 M Mostly IrCl4(H2O)2- 
6 M IrCl4(H2O)2- 
8 M IrCl5(H2O)2- 
Table 1.1: Dominant chloroiridium(III) species as a function of HCl concentration30 
1.3.1.5 Platinum chlorospecies 
The chlorochemistry of platinum can conveniently be compared with that of its 
4d analogue, palladium, if the difference between a 4d and 5d transition metal 
is borne in mind: firstly much slower kinetics for both PtCl42- and particularly 
PtCl62- and secondly the greater relative stability of platinum(IV) as compared 
to Pd(IV): 
                          PtCl62-  +  2e-  ↔  PtCl42-  +  2Cl-                0.74 V 
This means that PtCl62- is readily obtainable under the normal experimental 
conditions in contrast to PdCl62- (E° value = 1.29 V (see earlier discussion)).  
The species distribution curves31 for the chlorocomplexes of platinum(II) are 
given in figure 1.16: 
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Figure 1.16:  The species distribution curves for platinum as a function of the log of the 
chloride ion concentration. 
These curves suggest that in chloride ion concentrations higher than 0.1 M in which 
the chloride to platinum ratio is great enough, almost the only viable species is 
PtCl42-.  Complete constants for the formation of PtCl62- are not found in the 
literature.  It can however readily be assumed that the formation constants for the 
platinum(IV) chloride will be larger than those for platinum(II).  If this is assumed it 
will mean that platinum(IV) will in a 1 M chloride ion concentration be virtually 
completely present as PtCl62-, providing that the chloride to platinum mole ratio is 
larger than six.  For example if the chloride concentration is 1 M then the platinum 
concentration should be significantly less than 0.16 M.  This criterion is important in 
practice, since if a solution contains 60 g of platinum per litre i.e. 0.308 M platinum, 
then 1 M chloride will not be sufficient to ensure complete formation of PtCl62- from a 
thermodynamic perspective, since kinetics will certainly play a role as well. 
1.3.1.6 Chlorospecies of contaminants 
A number of chloroanionic species are present as contaminants in the feed 
solutions, however only some need to be considered in the separation process.  
A very significant one is ferric iron in view of the relatively large amounts of 
iron(III) present.  In contrast to the PGMs, the chlorocomplexes of iron are only 
thermodynamically controlled, but are significant problems in the chloride ion 
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concentrations handled in the separation.  Only three formation constants31 for 
iron(III) could be obtained from the literature, the fourth however was estimated in 
terms of statistical expectation, which is relatively reliable for complexes in which 
hybridization transformations in covalent situations do not occur.  These data are 
represented graphically in figure 1.17. 
 
Figure 1.17:  Species distribution curves for iron(III) chloride. 
Although the formation constants of these complexes are relatively small as 
compared to those of the PGMs, their formation, especially that of FeCl4- are 
problematic in some separation processes, especially when the quantities of iron 
and the phase transferability of that anion are borne in mind – to be discussed in 
detail later.  The other chloroanionic species do not normally provide significant 
problems since they are present in lower concentrations. 
1.3.2 SECONDARY FACTORS 
Having determined the extent of the chlorospecies formed under the different 
conditions of redox potential and chloride ion concentration, it is now necessary 
to investigate the fundamental characteristics of each of them, which will assist 
the selection of the optimum separating counter cation for their selective removal, 
as well as secondary factors like activity of the species, which is likely to be 
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important in industrial feed streams, specifically those relating to the presence of 
concentrated hydrochloric acid. 
1.3.2.1 Equilibria in solvent system (aqueous HCl) 
 
0
0.2
0.4
0.6
0.8
1
1.2
0 5 10 15 20
[HCl]
W
at
er
 
Ac
tiv
ity
plotted vs molality
plotted vs molarity
 
Figure 1.18:  Water Activity in Hydrochloric Acid Solutions at 298 K. 
In order to understand fully the separation process of the chloroanionic species, it 
is essential to understand those important aspects of the solvent system which has a 
bearing on the separation.  The solvent system consists of aqueous hydrochloric 
acid having great variation in the HCl concentration, at least from 0.5 M to 11 M HCl.  
The properties of this system between the mentioned concentration poles vary 
tremendously.  Firstly, the activity of the water in the system is of importance, since 
phase transfer of anions from water, almost without exception, occurs through 
dehydration of the ion (chloroanionic species in this case).  Secondly, activity is 
normally expressed in molality rather than molarity, especially in more concentrated 
solutions.  When the activity of water is calculated at various HCl concentrations, the 
curve in figure 1.18 is obtained.   
1.3.2.2 Chloride activity 
Just as important as the activity of water is the activity of chloride and 
chlorospecies, relating to the presence of HCl.  The activity of chloride ions as a 
function of increasing HCl concentration is represented in figure 1.19. 
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Figure 1.19: Chloride Activity in Hydrochloric Acid Solutions at 298 K. 
When the species involved in aqueous HCl is considered from very dilute to very 
concentrated, it is known that in very dilute HCl it exists as hydronium ions and 
solvated chloride ions.  As the HCl concentration increases and the activity of the 
water decreases (see previous figure) a greater proportion of unsolvated chloride 
gradually forms and even HCl (unionized) dissolved in water.  With further 
increase HCl (unsolvated) reacts with chloride ions (unsolvated) to form HCl2- 
ions.  The formation of the latter is thus related to the concentration of unsolvated 
chloride ions.  This species however, being a larger anionic species, is known to 
compete with large chloroanionic species for the active sites of separating agents 
(the so-called HCl effect).  The situation is even more complicated when it is 
borne in mind that separation implies at least a two phase system and the 
compatibility of the HCl in the second phase is also very important since this will 
directly influence the percentage loading of the required anionic species.  The 
loading of HCl on Triton X-45 and Triton X-114 polyethers in chloroform solution, 
used for the synthesis of resins in this laboratory, are given in figure 1.20. 
 20 
-10
0
10
20
30
40
50
60
70
80
90
100
0 1 2 3 4 5 6 7
HCl concentration (M)
%
 
Ex
tra
ct
io
n
Triton X-45
Triton X-114
 
Figure 1.20: HCl loading with Triton X-45 and Triton X-114 as a function of aqueous HCl 
molarity. 
1.3.2.3 Influence on loading of anions 
In the previous figures, it was shown how the HCl phase transfer occurs differently to 
two different active centra.  In cases where chloroanionic species are simultaneously 
extracted there will thus be a competition between the HCl-species and the 
chloroanionic species for the active sites in the second phase (non-aqueous).   
In addition to this effect, another important aspect complicates the separation 
system.  This is best illustrated by a practical system. 
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Figure 1.21: Extraction of Co(II) from HCl solutions (concentration in mol dm-3) by three 
different ammonium salts in 5% isodecanol-benzene 
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In figure 1.21, the extraction of cobalt in hydrochloric acid medium using different 
cationic centra in 5 % (v/v) isodecanol-benzene mixture, the great variation in 
behaviour is illustrated.32  In the worse scenario (curve 3) the extraction can be 
described as in a loading phase followed by a “stripping” phase.  This behaviour will 
be discussed in detail later.  For the moment it is important to bear in mind that at 
high HCl concentration cobalt(II) will be virtually completely in the form of its 
extracted species (CoCl42-), however the increase in HCl2- is approximately 
logarithmic with increasing HCl concentration.  The species distribution curve for the 
cobalt(II) chloride system (see figure 1.22) clearly illustrates the above statement.33 
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Figure 1.22: Abundances of the different cobalt(II) complexes as a function of HCl                    
concentration; CoCl2 molality, 0.11 – 0.16. 
In the case of the PGM chloroanionic species, the formation of the 
chlorocomplexes are much larger than those of cobalt(II), thus their concentration 
will not increase significantly at higher HCl concentrations, although as indicated 
above, the HCl and HCl2- concentrations will increase dramatically.  The result is 
that their stripping could be achieved by high HCl concentrations.  The above 
arguments and phenomena are not only observed where the second phase is a 
liquid, like in solvent extraction systems, but also where the second phase (or 
phases) is solids such as a resin and even in a situation of precipitation.34 
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CHAPTER 2:   
EXPERIMENTAL 
2.1 INTRODUCTION 
The experimentation and general methods used, as well as the procedures 
followed throughout this work are discussed in this chapter. 
2.2 PREPARATION OF REAGENTS USED 
2.2.1 PREPARATION OF THE RHODIUM AND IRIDIUM STOCK 
SOLUTIONS 
2.2.1.1 Rhodium 
The rhodium starting complex was obtained as a wet, relatively pure trivalent 
hexachloro (RhCl63-) salt, precipitated with diethylenetriammonium (H3DETA3+).  
Approximately 13g of the salt was refluxed under strong reducing conditions with 
100ml of a 20%(m/v) sodium formate solution, until all the rhodium was 
precipitated in the metallic form. 
The filtered solid was then refluxed in concentrated hydrochloric acid, saturated 
with chlorine, or refluxed in concentrated hydrochloric acid, with repeated 
additions of sodium chlorate.  The mixture was refluxed until a dark red solution 
with no evidence of metallic rhodium could be observed.  The resulting rhodium 
solution was standardised using inductively coupled plasma (ICP) spectrometric 
analyses.   
2.2.1.2 Iridium 
The iridium starting material was obtained as a solid, black diammonium 
hexachloroiridate(IV) salt, (NH4)2IrCl6, rather poorly soluble in both distilled water 
and hydrochloric acid.  The presence of ammonium ions were removed because 
it will complicate the investigations in which other cationic sites are used. 
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5g of the salt was suspended in about 50ml of a 0.1 M hydrochloric acid solution.  
Sulfur dioxide gas was bubbled through the solution to reduce the iridium to 
iridium(III) in order to increase the solubility of the iridium.  This was done until the 
solution became green in colour, indicating the presence of iridium(III). 
The iridium(III) solution was passed repeatedly through a cation-exchange 
column in the H+ form (Amberlite IR-120+) to remove any ammonium ions 
present.  0.1 M hydrochloric acid was used to wash the iridium from the column. 
The resin was regenerated each time with approximately 250ml of 1.5 M 
hydrochloric acid, followed by 250ml distilled water and 0.1 M hydrochloric acid.  
The absence of ammonium ions was verified using Nessler's reagent.  50ml of 
concentrated HCl was added to the resulting iridium solution, which was then 
boiled and concentrated. This solution was used as the iridium(III) stock solution, 
and was standardised using inductively coupled plasma spectrometric analyses.  
The iridium(IV) stock solution was prepared by oxidising the iridium(III) solution 
with chlorine gas, or by adding sodium chlorate to the iridium(III) solution and 
boiling until all the iridium(III) was oxidised.  This resulting iridium(IV) solution was 
standardised using UV-VIS absorption (absorption maximum: λ = 490nm and 
εM = 4400) and inductively coupled plasma spectrometric analyses.     
2.2.2 PREPARATION OF SOLUTION CONTAINING A MIXTURE OF 
IrCl62- AND IrCl5(H2O)-  
An iridium(IV) solution containing a mixture of the two species was prepared by 
refluxing a 0.0018 M iridium(III) solution in 2.5 M HCl while chlorinating by 
chlorine gas for three hours.  The UV spectrum was run afterwards to determine 
whether it contained the above two species.  
2.2.3 PREPARATION OF THE PLATINUM AND PALLADIUM STOCK 
SOLUTIONS      
The platinum and palladium metals obtained from industry were dissolved in a 
50% (m/v) aqua regia (3:1 hydrochloric acid to nitric acid ratio) aqueous solution.  
The solutions were evaporated by boiling to a paste.  The silvery pastes obtained 
were redissolved in concentrated hydrochloric acid to ensure removal of all 
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species other than the chlorocomplexes of the metals.  These solutions were 
once again boiled until almost dry, and dissolved in the required HCl 
concentrations to remove traces of nitric acid and nitrogen oxides. 
2.2.4 PREPARATION OF THE IRON AND COPPER STOCK 
SOLUTIONS 
0.1 M iron(III) and copper(II) stock solutions were prepared from anhydrous ferric 
chloride and copper(II) chloride, respectively. 
Determination of the optimum HCl concentration in which to prepare the stock 
solutions was essential, since the presence of excess chloride ions is known to 
interfere in the standardising of the metal ions with ethylenediaminetetra-acetic 
acid (EDTA).  The chloride ions form a complex with the mercury ions present in 
the titration solution, thereby limiting the availability of the mercury ions for 
complexation with EDTA and hence complexation of the resulting species with 
the metal.  Thus, sodium chloride was added to portions of the metal-ion solution 
(0.1 M), firstly prepared in 1 M HCl, to obtain excess chloride ions.  Titrations 
were conducted until a chloride limit was obtained where the titration curve was 
sufficiently affected by the presence of the chloride ions.  The results of this 
investigation could then be used to determine the HCl concentration in which to 
prepare the stock solutions. 
On the basis of this investigation, the iron(III) and copper(II) stock solutions were 
prepared in a 3 M HCl medium and standardised using potentiometric titrations 
with EDTA, with the addition of sodium acetate and pH10 ammonia-ammonium 
chloride buffers, respectively.  In the case of the iron(III)-EDTA titrations, 
additions of the correct amount of acetate buffer was essential.  The addition of 
too little buffer resulted in a low pH and hence formation of the iron(III) 
hydroxyspecies, whereas if too much buffer was added, competition between the 
acetate and the EDTA occurred.  Careful evaluation of the system showed that 
adjustment of the pH to 2.5 with sodium acetate resulted in accurate reproducible 
results being achieved. 
Iron(III) and copper(II) standards for atomic absorption spectrometric analyses 
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were prepared from the stock solutions in a 3 M HCl medium. 
2.2.5 AQUEOUS Cl2 SOLUTIONS 
Chlorine gas was bubbled through either distilled water at 25  °C or the relevant 
chloride solutions until saturation was reached. 
2.2.6 OTHER REAGENTS PREPARED AND USED 
The other reagents used during the course of this study were either all of analytical 
grade or those of highest purity.  These are all listed at the end of this chapter. 
The aqueous metal-ion solutions were all prepared from distilled water and 
standardised hydrochloric acid. 
The organic solvent, chloroform, used in the solvent extraction studies, was pre-
equilibrated with distilled water to prevent the phase transfer of water during the 
extraction procedure.   
The gases, namely nitrogen, chlorine, sulfur dioxide and argon, required for 
various analytical purposes – to maintain an inert atmosphere, for the oxidation 
and chlorination of iridium to IrCl62-, for the reduction of iridium(IV) to iridium(III) 
and the ICP carrier gas, respectively – were all obtained from Afrox as 
analytical/instrument grade. 
2.3 ACID LOADING OF THE SEPARATING AGENTS (RESINS/ 
EXTRACTANTS) 
Solutions of the desired ligand, of exactly the same concentration and 
composition used in studies with the metal ions, were equilibrated with HCl from 2 
M to 6 M.  Equilibration was conducted in exactly the same manner as solvent 
extraction studies, that is, equal volumes of the organic and aqueous phases 
were shaken together for at least 20 minutes at 180 rpm on an automatic shaker.  
The phases were then separated for analysis.   
The HCl loading of the ligand (per mole) at the various HCl concentrations was 
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determined by chloride analysis of the organic phases via argentometric titrations 
in ethanolic solution. 
2.4 SOLVENT EXTRACTION STUDIES 
All solvent extraction studies were conducted in a temperature-controlled room 
maintained at 25°C.  Equal volumes of aqueous and non-aqueous phases (15 ml) 
were equilibrated for 20 min at 180 revolutions per minute (rpm) at 25 °C in 
closed systems using a Labcon Shaker. 
The extractions of the various individual metals were performed in an aqueous HCl 
medium.  In each of these studies, with the different types of extractants used, the 
effect of HCl concentration was investigated, as well as kinetic factors.   
The aqueous phases were analysed for the amount of metal-ion present in 
solution with either inductively coupled plasma spectrometry in the analysis of the 
platinum group metals, or atomic absorption spectroscopy for the base metals, 
iron and copper.  UV-VIS absorption spectroscopy was used to confirm and 
identify the type of iridium metal-ion species involved in extraction – it could be 
used for reliable IrCl62- analysis. 
2.5 PRECIPITATION AND SOLUBILITY STUDIES 
Appropriate amount of the metal-ion solution (0.1 M) in 6 M HCl and the 
precipitants (cations) were allowed to equilibrate at room temperature.  In the 
event of successful precipitation of the metal-ion chloro complex, the solid was 
filtered off, dried and stored in an airtight-desiccator. 
In the studies with primary and tertiary ammonium precipitants, concentrated HCl 
was added to a small amount of the amine until an acidic solution was obtained, 
indicating that complete protonation and formation of the substituted ammonium 
chloride salt had occurred. 
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2.6 POLYMERIZATION OF DIOLS 
152.4 g of the diol was stirred and flushed with nitrogen for 10 minutes.  The 
nitrogen was switched off and 1.386 g sulfuric acid was added dropwise with a 
separating funnel.  Then a further 0.272 g diol was added with a separating 
funnel.  The mixture was heated at 160 °C for 38.5 hours and then cooled to 
45 °C.  It was assumed that the product had a molar mass of 2000 g/mol, and this 
product was used as the polyether in the polyether resin synthesis. 
In some cases, the polymerisation was only done for 19.25 hours, in which case it 
was assumed that the product had a molar mass of 1000 g/mol. 
2.7 ION EXCHANGE: RESIN STUDIES 
All the resins studied in this work were synthesised via multiple step reactions 
and procedures that were thoroughly investigated to obtain the optimum reaction 
conditions, and are hence best described and discussed together with their 
application.  Ion exchange studies with these resins were conducted by batch 
methods of analysis.  
2.7.1 SYNTHESIS OF AMINE SILICA GEL RESINS 
Amine silica gel resins were synthesized by the functionalisation of a silane with 
the amines. 
Experiments were performed in which 0.05 moles of the 3-chloropropyl 
trimethoxy silane was reacted with 0.055 moles of the amine in 60 ml dry ethanol, 
according to the reaction below.  A catalytic amount of sodium iodide was added 
to the mixture, which was refluxed for 3 days. 
SiCH3O
CH3O
CH3O
(CH2)3Cl  +  HNR1R2
NaI,
Ethanol SiCH3O
CH3O
CH3O
(CH2)3NR1R2
R1 and R2 = alkyl group or a hydrogen in the case of a primary amine
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The product of this reaction was reacted with silica gel (dried in an oven at 200 ºC 
overnight) as expressed in the equation below.  The silica gel was added to the 
reaction flask on the fourth day, and the reaction was left to mildly reflux, without 
stirring for an additional four days. 
 
 
In the case of 1,1,3,3-tetramethylbutylamine, diphenylamine and 
dicyclohexylamine the refluxing times were doubled. 
The amine functionalised resins were then filtered, washed with ethanol, air-dried 
and stored in stoppered flasks for application. 
2.7.2 SYNTHESIS OF THE PRIMARY AMINE RESIN 
0.05 moles of the 3-aminopropyltrimethoxy silane was reacted with 10g silica gel 
in 60ml dry ethanol for 4 days.  The resin was filtered, washed with ethanol, air-
dried and stored in stoppered flasks for application.  
2.7.3 THE SYNTHESIS OF AMINE RESINS USING dmf AS SOLVENT 
0.22 moles of the amine was reacted with 0.2 moles of the 3-
chloropropyltrimethoxy silane in 240ml dmf.  A catalytic amount of sodium iodide 
was added to the mixture, which was refluxed for 6 days. 
The product of this reaction was reacted with 40g of silica gel for an additional 8 
days.  The methanol formed in this reaction was distilled off – gas 
chromatography was used to ensure all the methanol has been removed. 
The reaction mixture was refluxed overnight.  The resin was filtered, washed with 
dmf, airdried and sieved if necessary.  
2.7.4 SYNTHESIS OF POLYETHER RESINS 
The synthetic procedure can be divided into two individual steps: 
 
Si
O
Si
O
Si
OH
OH
OH
CH3O
CH3O
CH3O
Si (CH2)3NR1R2
 
 
Si
O
Si
O
Si
O
O
O
Si (CH2)3NR1R2 + CH3OH+
Ethanol
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i Bonding of the precursor silane onto the silica gel. 
ii Functionalisation of the silane with the polyoxyethyleneglycol species: 
a. Formation of the alkoxy (OR-) group. 
b. Fixation of the latter onto conditioned silica. 
All the equipment and materials for these experiments were scrupulously dried, for 
example, all the glassware was dried in an oven at 100  °C.  Solvents, molecular 
sieves and silica gel were dried as stated at the end of the synthetic procedure. 
2.7.4.1 Silica gel – silane reaction 
Si OH
O
Si
O
Si OH
CH3O Si
CH3O
CH3O
(CH2)3 O CH CH2
O
OH +
Si
O
Si
O
Si
O Si
O
O
(CH2)3 O CH2 CH CH2
O
CH2
 
4g properly dried silica gel was transferred into a two-necked round bottom flask, 
slowly flushed with dry N2.  100 ml dry toluene was added into the flask, while 
flushing with pure dry N2.  10 ml of the pure precursor (epoxy silane) was rapidly 
added into the flask.  The mixture was put under reflux, overnight at 100 – 
110 °C.  The resin was subsequently filtered, washed with dry toluene and 
methanol.  The resin was then transferred into another dry two-necked round 
bottom flask, partially dispersed in an oil-bath at 65 °C and placed under the 
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vacuum of a rotary pump for 6 – 7 hrs. 
2.7.4.2 Functionalisation of the attached silane: 
Reaction of sodium hydride with polyethyleneglycol 
A carefully dried mixture of 40 mmoles polyethyleneglycol and 70 ml of dry 
dimethylformamide (dmf) was transferred to a two-necked round bottom flask, 
through which pure dry N2 was slowly flushed.  1g of a 70% sodium hydride 
(NaH) paraffin emulsion was carefully added, and the solution stirred at room 
temperature until H2 evolution stopped (~ 30 mins.) 
               NaH  +  ROH    →    Na+  +  H2  +  OR- 
                R  =  Polyether 
The dry N2 atmosphere was maintained throughout by a slow flux.  The excess 
solid NaH was filtered off using special filter equipment fitted to a N2 cylinder.  
The filtrate was carefully transferred to another round bottom flask, containing the 
dry resin product of the first reaction. 
The Fixation of OR- onto the conditioned silica gel 
X O CH2 CH CH2
O
+ OR- X O CH2 CH CH2 OR
OH
X =
Si
O
Si
O
Si
O Si
O
O
(CH2)3
 
The resulting mixture was kept under reflux for 2 days.  The final functionalisation 
reaction took place.  The functionalised resin product was filtered, washed with dmf, 
toluene, methanol, water and methanol, in this sequence.  The resin was then air-
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dried and placed in an airtight container.   
The OH group formed in the above reaction allows for cyclisation of the polyether.  
Thus, the use of a silane with an epoxy group for the functionalisation of the resin 
was essential for the successful functioning of this resin.   
The procedures for drying of the reagents and solvents are: 
− The silica gel was initially dried overnight at 250 °C in an oven. 
− All the molecular sieves were activated by heating to 250 °C in an oven, 
overnight. 
− Toluene and dmf were dried using 4Å activated molecular sieves, and the 
polyoxyethyleneglycol and methanols using 3Å activated molecular sieves. 
 
2.7.5 SYNTHESIS OF PHTHALIMIDE RESIN 
Phthalimide was dissolved in 95% ethanol with heating.  Small amounts of 
ethanol were added continuously until all the phthalimide has dissolved.  
Simultaneously potassium hydroxide was dissolved in 75% ethanol.  As soon as 
all the phthalimide has dissolved, the potassium hydroxide solution was added.  
The mixture was stirred without heating for 2 hours and left in the freezer 
overnight.  The product (which should be water soluble) was filtered and washed 
with ether.  The product was weighed and stored at 60 °C.  The product was 
added to an equal molar quantity of 3-chloropropyl trimethoxy silane, a catalytic 
amount of sodium iodide and refluxed in a small quantity of dmf with stirring for 
three hours.  The silica gel was added, keeping in mind that 10 g silica is required 
for every 0.05 mol of 3-chloropropyl trimethoxy silane, more dmf was added and it 
 32 
was refluxed for another 4 days without stirring.  The resin was filtered, washed 
with ethanol and stored for application. 
2.7.6 DETERMINATION OF CAPACITY OF IRA-900 
IRA 900 resin was properly washed in the chloride form and dried for 1 hour at 
60 °C. 
In these experiments, small columns containing about 1 gram of accurately 
weighed, dried IRA-900 were prepared, pre-treated and loaded with accurate 
volumes of standardised solutions containing a very large excess of the required 
species.  After loading, the columns were washed rapidly with the appropriate 
concentration of hydrochloric acid or water to remove the excessive loading 
agents.  The resin was then stripped, often with a solution of perchlorate, since 
the loading factor of this species on quaternary ammonium centra is known to 
exceed that of virtually all the other anions. 
Whenever possible, the calculations for these studies were based on the 
difference in the number of moles of the loaded species in the initial standardised 
solution and that in the eluate, as well as the amount of the loaded species 
stripped afterwards (in the case of perchlorate loading, however, such 
quantitative stripping was not possible). 
2.7.7 BATCH ANALYSIS 
This method was found to be economical and highly reproducible with rapid 
analyses easily being achieved, and was thus used as a reliable initial method of 
determining approximate efficiencies of newly synthesised resins.   
In the determination of the metal-uptake capacity of a particular resin, 1g of the 
resin was equilibrated (through mild shaking) with 5ml of the metal-ion solution in 
the required HCl concentration (thus using excess metal), for 20 minutes on an 
automatic shaker.  The resin was then filtered, washed with two bed-volumes of 
the respective HCl concentration, stripped by reduction with a 0.05 M sodium 
metabisulphite solution in water and eluted with a 20% aqueous HCl solution, in 
the case of iridium, and 0.5 M thiourea in 0.1 M HCl, followed by 6 M HCl for 
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platinum and palladium.  The loaded rhodium was stripped by 1 M NH4Cl in 6 M 
HCl followed by 6 M HCl, with the base metals (iron and copper) being stripped 
with distilled water.  The eluted amount was diluted to a known volume and 
analysed by ICP spectrometry. 
The affinity studies were performed by equilibration of 3g of the resin with 5ml of 
the metal-ion solution (thus using excess resin), in the required HCl 
concentration, for 20 minutes on an automatic shaker.  The residual 
concentrations were determined by ICP analysis of the metal-ion content in 
solution.   
In the case of the chlorine studies, a known mass of resin was equilibrated with 
15 ml of aqueous phase containing the species to be absorbed (Cl2 or HCl). 
2.8  POTENTIOMETRIC TITRATIONS 
2.8.1 ARGENTOMETRIC CHLORIDE ANALYSIS 
Argentometric determinations of chloride were conducted in this manner 
throughout this thesis.   
Direct argentometric titrations in the presence of 3 M nitric acid and acetone, 
were used to determine the chloride concentration in solution.  The silver nitrate 
(AgNO3) solution was previously standardised with analytical grade sodium 
chloride, dried at 110°C for 2 hours.  The titrations were performed on a Metrohm 
716 DMS Titrino using a combination silver electrode having an internal Ag/AgCl 
reference, with saturated potassium nitrate as electrolyte. 
2.8.2 COMPLEXOMETRIC TITRATIONS WITH EDTA  
The concentration of the iron(III) and copper(II) stock solutions were determined 
by titrations with EDTA.  The EDTA solution used was standardised 
potentiometrically with a standard zinc(II) solution. 
Analysis of the copper solution was performed on a Metrohm E536 potentiograph 
with Metrohm E535 Dosimat and E649 stirrer attachments, using an Hg-cup 
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indicator electrode and a Ag/AgCl single junction electrode, with a 3 M sodium 
chloride inner solution. 
In the determination of the iron solution, a combination platinum electrode 
(Metrohm 6.0402.100) was used with a 3 M potassium chloride electrolyte 
solution, with the titrations being conducted on a Metrohm 716 DMS Titrino. 
A few drops of the mercury(II)/EDTA complex and the appropriate buffer solutions 
were added to all solutions being titrated in the analyses of both iron and copper. 
2.8.3 IODOMETRIC TITRATIONS 
Determination of Cl2 concentration 
In light of the low solubility (0.091 M in aqueous solution), and evaporative nature 
of chlorine gas, special precautions were taken in handling solutions of this kind 
and especially in quantitative investigations.  In experiments involving the 
determination of chlorine present in aqueous solutions, the mixtures were kept in 
sealed quick-fit containers and cooled down in ice-slurry before handling in order 
to minimise the loss of chlorine through evaporation. 
 The chlorine was determined potentiometrically by means of iodometric titrations.  
These titrations were carried out at 25 º C in a constant temperature room using a 
Metrohm 670 titroprocesser, Metrohm 665 Dosimat and E649 stirrer, interfaced to 
a computer for the transfer of data.  To maintain the temperature of 25.0 ± 0.1 
 °C, the titrant solutions were pipetted into a double-walled glass titration vessel 
through which thermostated water circulated from a Grant W6 Thermostatic 
Bath/Circulator with a Grant Refrigerated Cooler.  The electrode used was an 
Ingold combination redox platinum electrode (Ag/AgCl). (3 M KCl Bridge) 
Further provisions made towards limiting the loss of chlorine gas included the 
addition of the required excess of iodide ions immediately after the chlorine 
solution was pipetted into the titration vessel to perform the actual titration in a 
nitrogen atmosphere.  The presence of tetraethylammonium in some titration 
mixtures rendered the iodometric titrations impracticable in that precipitation of 
presumably Net4I3 occurred in the form of orange crystals.  This problem was 
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overcome by the addition of an excess of NaClO4.  The perchlorate anions 
complex preferentially with the tetraethylammonium cations, hence the bulk of tri-
iodide ions remain in solution to be titrated. 
2.8.4 SOLUTION POTENTIAL ANALYSES 
Oxidation-reduction potentials of the solutions were determined with the same 
instrumentation as described under 2.8.3 (iridium(III), iridium(IV), platinum(II) and 
platinum(IV)).  
2.9 SPECTROPHOTOMETRIC METHODS OF   ANALYSIS 
The spectrophotometric methods used to analyse the various metals investigated 
in this study are listed below, together with the parameters and settings of their 
use. 
2.9.1 INDUCTIVELY-COUPLED PLASMA EMISSION ANALYSIS 
A Perkin Elmer SCIEX Elan-6100 ICP-MS Spectrometer was used for 
concentration determinations of the various stock solutions prepared, as well as 
for the analysis of the various aqueous metal-ion solutions, throughout this study. 
The ICP settings used are summarised in table 2.1. 
Table 2.1: General ICP settings used 
 Setting 
RF Power 
Coolant Gas 
Flow Rate 
Plasma Flow Rate 
Purge 
Integration 
1.2 kW 
15 L/min 
10 L/min 
1.2 L/min 
3.5 L/min 
5.0 s 
The isotopes for optimal determination of rhodium, iridium, platinum and 
palladium used in this work are given in table 2.2. 
 36 
Table 2.2: Platinum group metal isotopes used. 
 
Atomic mass 
Iridium 
Rhodium 
Platinum 
Palladium 
193 
103 
194, 195 
105, 106 
Calibration curves of standards of similar composition as the samples to be 
analysed were used.  Standards in the concentration range from 5 µg/l to 
1000µg/l, containing 0.1 M HCl, were prepared from analytical grade standard 
metal-ion solutions.  All the samples for analysis were diluted to fall in this range 
and the matrix was kept the same in all cases. 
2.9.2 ATOMIC ABSORPTION ANALYSIS 
A Perkin Elmer 603 Atomic Absorption Spectrophotometer was used for the 
determination of the 3d transition metals, iron and copper.  An air-acetylene flame 
and burner control attachment were employed.  The general settings used during 
the operation of the instrument are listed in table 2.3. 
Table 2.3: AA Spectrometer settings used. 
Parameter Setting 
Fuel pressure 10 ps/g 
Air pressure 30 ps/g 
Nitrous oxide pressure 30 ps/g 
Fuel: Air flow settings 32:35 
Fuel: Nitrous oxide settings 55:35 
Integration time 30 s 
Lamp current 15 mA for copper 
40 mA for iron 
The resonance lines selected for each metal, and the corresponding, associated 
sensitivity values are given in table 2.4. 
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Table 2.4: Resonance lines selected for iron and copper. 
Analyte Wavelength (nm) Slit width (nm) 
Sensitivity for 1% 
absorption 
(µg/ml) 
Iron 248.3 0.2(no.3) 0.12 
Copper 324.8 0.7(no.4) 0.09 
Aqueous iron and copper standards and samples were all made up to contain 1 
M HCl in the matrix.  In the analysis of organic iron and copper solutions, 
standards and samples of similar composition were made up in ethanol. 
2.9.3 UV-VIS ABSORPTION SPECTROSCOPIC ANALYSIS (SPECIES 
IDENTIFICATION AND ALSO ANALYTICAL CONTROL 
(IRIDIUM(IV)) 
Analysis of iridium(IV) and iridium(III) solutions, both aqueous and organic, was 
conducted on a Perkin-Elmer UV-VIS spectrophotometer Lambda 12 series with 
1mm and 10mm quartz cells, respectively.  Scans were conducted over a 200-
800nm wavelength range, using a 2.0nm slit width at medium speed.   
The reference or blank solution consisted of the same medium as that of the 
metal-ion solution to be analysed, that is, a particular HCl concentration or in the 
case of extracted metal ions, the organic diluent with the appropriate extractant 
concentration. 
2.10 COMPUTER METHODS 
The data obtained from UV-VIS spectrophotometric measurements was analysed 
by the instruments own package, namely Lambda 12.  Data obtained from 
inductively coupled plasma and atomic absorption spectrometer analyses of the 
various metal-ion solutions were determined in Corel Quattro Pro (version 8). 
All extraction curves were plotted using the software program, Sigma Plot 
(version 5). 
Stereochemical models of molecules, as well as the charge distribution on the 
individual atoms, were obtained with the software package, Hyperchem.  The 
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results obtained provided valuable insight into the conformation, structure and 
charge density of several molecules. 
Table 2.5: Chemicals used 
Chemical Supplier 
Analytical reagents 
Acetic acid (glacial) (99.5%) 
Ammonium chloride (99.5%) 
Ammonia solution (32%) 
Calcium chloride (99%) 
Charcoal 
1,4-Diaminobutane 
Diammoniumhexachloroiridate 
Gold (99%) 
Hydrazine dihydrochloride (99%) 
Hydrobromic acid (48%) 
Hydrochloric acid (37%) 
Iron(III) chloride anhydrous (96%) 
Nitric acid (70%) 
Palladium (99%) 
Perchloric acid (70%) 
Phthalimide (99%) 
Platinum (99%) 
Potassium carbonate (99%) 
Potassium chloride 
Potassium dihydrogen phosphate (99%) 
Potassium hydrogen phthalate (99.5%) 
Potassium hydroxide (85%) 
Quinhydrone 
Silica gel 
Silver nitrate (99%) 
Sodium carbonate 
Sodium chlorate (98%) 
Sodium chloride (99.5%) 
Sodium dichromate (99%) 
Sodium hydride (55 – 65%) 
Sodium hydroxide pellets (98%) 
Sodium metabisulphite (98%) 
Sodium sulfate (99%) 
 
Unilab 
Aldrich 
B&M Scientific 
Aldrich 
Unilab 
EGA Chemicals 
Impala Platinum 
Impala Platinum 
Saarchem 
BDH 
Merck 
BDH 
Riedel de-Haën 
Impala Platinum 
NTLabs 
Hopkin & Williams 
Impala Platinum 
UnivAR 
UnivAR 
Merck 
UnivAR 
Associated chemical enterprises 
BDH 
Impala Platinum 
Merck 
Associated chemical enterprises 
UnivAR 
Associated chemical enterprises 
Aldrich 
Fluka 
Merck 
Riedel de-Haën 
Saarchem 
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Chemical Supplier 
Sulfuric acid (98 – 100%) 
Tetraethylammonium chloride (97%) 
Tetramethylethylenediamine (99%) 
N,N,N’,N’-tetramethylmalonamide 
Solvents 
Acetone (99.5%) 
Acetonitrile (99.9%) 
Chloroform 
Decanol 
Dichloromethane 
Diethylether (98%) 
N,N-dimethylformamide (99%) 
Dioctyl ether 
Dioxane 
Ethanol Absolute (99.8%) 
Ethyl acetate (99%) 
Hexane 
Isodecanol (99%) 
Methanol 
Shell Sol A 
Toluene 
Trichloroethylene 
Primary amines 
2-aminoheptane (98%) 
2-aminopropane 
1,5-dimethylhexylamine (99%) 
1,2-dimethylpropylamine (98%) 
Dodecylamine (98%) 
Ethylamine (70%) 
2-ethyl-hexylamine (98%) 
1-ethylpropylamine (97%) 
Hexadecylamine 
1-methylheptylamine (99%) 
Octylamine (99%) 
Propylamine 
Tertiary butylamine (98%) 
Tert Octylamine (95%) 
Secondary amines 
SMM Chemicals 
Fluka 
Fluka 
Tokyo Chemical Industry 
 
Associated chemical enterprises 
Acros Organics 
NTLabs 
BDH 
SMM Chemicals 
Saarchem 
Saarchem 
NTLabs 
Fluka 
Aldrich 
UnivAR 
Aldrich 
Riedel de-Haën 
SMM Chemicals 
Impala Platinum 
Aldrich 
Fluka 
 
Fluka 
Riedel de Haën 
Aldrich 
Aldrich 
Aldrich 
Riedel de-Haën 
Aldrich 
Aldrich 
Fluka 
Aldrich 
Aldrich 
Aldrich 
Fluka 
Aldrich 
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Chemical Supplier 
Dibenzylamine 
Dicyclohexylamine (99%) 
Diethylamine 
Dioctadecylamine 
Dioctylamine (98%) 
Diphenylamine 
Tertiary amines 
Triethylamine 
Trioctylamine 
Other amines 
4-bromo-aniline (97%) 
4-butyl-aniline (97%) 
N-butyl-aniline 
Imidazole (99.5%) 
N-methyl-aniline (99%) 
2-methyl-imidazole (98%) 
Pyridine 
Silanes 
3-aminopropyltrimethoxysilane (97%) 
3-chloropropyl trimethoxy silane (97%) 
3-(2,3-epoxypropoxy)propyltrimehoxy silane 
[3-(trimethoxysilyl)propyl]octadecyldimethylammonium 
chloride (42%) 
N-[3-(trimethoxysilyl)propyl]aniline Halide 
Sodium iodide (99.5%) 
Organics 
Aliquat 
1,2-butanediol (98%) 
2-butyl-1-octanol 
4-(1-butylpentyl)-pyridine 
2,2-diethyl 1,3-propanediol (99%) 
Di-isopropylamine 
2-ethyl-1,3-hexanediol (97%) 
2,6-lutidine 
1,2-pentanediol (95%) 
1,3-propanediol (97%) 
Thiourea (99%) 
Triazole (98%) 
Polyethers 
Aldrich 
Merck 
Fluka 
Fluka 
Fluka 
Aldrich 
 
BDH 
Aldrich 
 
Aldrich 
Aldrich 
Aldrich 
Fluka 
Hopkin&Williams 
Janssen Chimica 
Fluka 
 
Aldrich 
Aldrich 
Impala Platinum 
Aldrich 
 
Aldrich 
Riedel de-Haën 
 
Henkel 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Riedel de Haën 
Aldrich 
Aldrich 
Fluka 
BDH 
Aldrich 
Fluka 
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Chemical Supplier 
BRIJ 30 
BRIJ 35 
BRIJ 72 
BRIJ 78 
Diethyleneglycol 2-ethylhexyl ether 
Isohexadecyl Polyoxyethylene 20 
Isotridecyl Polyoxyethylene 12 
Poly(1,2-butyleneglycol) 
Polyethylene-block-poly(ethyleneglycol) 
Poly(ethyleneglycol)-block-poly(propyleneglycol)-
block-poly(ethyleneglycol) 
Poly(ethyleneglycol-ran-propyleneglycol)monobutyl 
ether 
Polyoxyethyleneglycol(6)tridecyl ether 
Polyoxyethyleneglycol(18)tridecyl ether 
Polyoxyethylene 20 oleyl ether 
Poly(propyleneglycol)monobutyl ether 
TERATHANE 2900 
Triton N-101 
Triton X-45 
Triton X-100 
Triton X-114 
Organic halides 
1-bromo-dodecane 
1-iodo-methane 
1-iodo-pentane 
1-bromo-propane 
1-bromo-tetradecane 
Aldrich 
Aldrich 
Acros Organics 
Aldrich 
Aldrich 
Aldrich 
Acros Organics 
Aldrich 
Aldrich 
 
Aldrich 
 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Aldrich 
Fluka 
Fluka 
Fluka 
Fluka 
 
 
Fluka 
Fluka 
NTLabs 
Holpro 
Aldrich 
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 CHAPTER 3:  
STRUCTURAL AND PHYSICAL 
PROPERTIES OF IONS RELATING TO 
THEIR SEPARATION – A GENERAL 
TREATMENT ULTIMATELY FOCUSING 
ON CHLOROANIONIC SPECIES 
3.1 INTRODUCTION  
In recent years, extensive studies on properties of ions,35 relating to their separation 
have been done.  All of these have a fundamental physical basis.  In a very large 
number of instances the separation is done by the interaction of the anion with a 
suitable cationic site on a resin or solvent extractant, e.g. an onium type of cation, i.e. 
ammonium, phosphonium, oxonium, etc.  In all of these cases, the interaction can be 
described as essentially electrostatic.  These calculations assume ions to be 
spherical.  Such an assumption is acceptable for the single atom ions such as Cl-, I-, 
and Na+ where X-ray structural determinations can readily determine their radius.  
Most of the anions in this thesis, however, are bulky complex ones, e.g. 
chlorometallates, e.g. PtCl42-, AuCl4-, etc. for which ion size is determined indirectly, 
e.g. so-called thermal radii. 
The driving force for ion exchange and solvent extraction depends upon the 
condition of the anion in the initial state (in this case aqueous) and the final state 
(resin cation or extractant cation sites in a non-aqueous solution).  Since phase 
transfer from water to the cationic site of a separating agent is associated with 
deaquation, the Gibbs energy change of the process is of primary importance thus, 
the ohydrG∆ . Much theoretical effort has been devoted to developing mathematical 
models describing the Gibbs energy change osG∆  (s=solvent in the general case) of 
this process for cations and anions of varying charge types and ionic radii.36,37,38,39,40  
From the simple Born model, the electrostatic part of the standard Gibbs energy in 
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kJ/mol may be readily obtained, treating ions as hard spheres in a continuous 
dielectric. 
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where ε = dielectric constant, z = ionic charge, B=a temperature independent 
constant equal to -69.47 kJ nm mol-1 and rj is the ionic radius (in nm) written for 
convenience as rj=r+∆r to allow empirical modifications of the Born model by 
application of a user-defined correction ∆r.  (Under the hypothesis of a continuous 
dielectric and hard spheres ∆r=0). 
It was found that the calculation can be improved by the addition of 7.9 kJ/mol as a 
correction factor to account in principle for compression of the gaseous ions to 1L at 
25 °C.41,36 The best agreement with experimental results when ∆r is an empirical 
constant equal to 0.080 for cations and 0.017 nm for anions in water.  The need for 
two values of ∆r depending only on the sign of the ionic charge implies 
fundamentally different solvation of cations and anions.  This has been understood42 
to reflect the different orientation of solvent molecules around cations and anions.  
Table 3.1  Ion size and hydration data for representative anions 
Aniona 
X 
Ionic 
radiusb 
Thermoch. 
radiusc 
dM Od 
(nm) 
∆Gh(X-) 
obse 
(kJ mol-1) 
∆Gh(X-) 
calc of eq. 3.2f 
(kJ mol-1) 
Cl- 
Br- 
I- 
ClO4- 
IO4- 
TcO4- 
0.181    
0.196    
0.220    
 
0.172    
0.188    
0.210    
                   0.240 
0.249    
0.249   (0.252 est)g 
 
 
 
0.144   
0.179   
0.171   
-340 
-315 
-275 
-205 
 
(-251 est)h 
-338 
-314 
-282 
-259 
-250 
-245 
                                            
a
 Ions are arranged in order of increasing thermochemical radii.  Ph4B- is the tetraphenylborate 
anion. 
b
 Effective ionic radii from crystallographic data. 
cThermochemical radii, unless otherwise noted, were taken from [Y. Marcus, Faraday 
Transactions (1991), 87, 2995-2999]. Most of the values are derived from lattice energies for 
monoatomic ions, values were taken from [H.D.B. Jenkins & K.P. Thakur, Journal of Chemical 
Education (1938) 56, 576-577]. 
d
 Mean bond distances between central atom M and the oxygen atoms in selected oxyanions.  
e
 Standard molar Gibbs energies of hydration at 25 °C taken from the tabulations in [Y. Marcus, 
Faraday Transactions (1991), 87, 2995-2999; Y. Marcus, In Principles and Practices of Solvent 
Extraction; J. Rydberg, C. Musikas ad G.R. Choppin, Eds. New York: Marcel Dekker, 1992: 
pp.21-70].]; values are based on the choice mol/kJ105]H[Goh −=∆  under the assumption that the 
tetraphenylarsonium cation and tetraphenylborate anion have equal Gibbs hydration energies 
(TATB assumption); the uncertainty of the listed values is ±6 kJ/mol. 
f
 Standard molar Gibbs energies of hydration calculated from Eq. 3.2 using the ionic radius (if 
given) or the thermochemical radius and using ∆r=0.017. g
 The value for TcO4- anion was estimated by adding 0.083 nm (∆d) to dM-O; ∆d was assumed to 
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Aniona 
X 
Ionic 
radiusb 
Thermoch. 
radiusc 
dM Od 
(nm) 
∆Gh(X-) 
obse 
(kJ mol-1) 
∆Gh(X-) 
calc of eq. 3.2f 
(kJ mol-1) 
ReO4- 
Ph4B- 
PtCl62- 
PdCl62- 
0.260    
0.421    
0.313    
0.319    
0.174   -330h 
50 
-685 
-695 
-240 
-149 
-823 
-809 
In table 3.1, ion size and hydration data of some representative anions are 
compiled.  From this table it shows that the calculation of ∆G values for “simple” 
ions, e.g. the first three, can be obtained with a reasonable degree of confidence.  
The assumption that these are spherical symmetrical seems feasible.  The values 
calculated for the more complex anions of the MO4- type, i.e. ClO4- to ReO4- 
agree much less satisfactory.  For the Ph4B- anion, which consists of a 
hydrophobic exterior, the comparison is very poor.  The values for the two MCl62- 
(M=Pt and Pd) greatly overestimated their ∆Gh values.  
Improvements in the theory have long attacked the questionable assumptions of 
eq. 3.2, including reliance on a hypothetical continuous dielectric, the use of an 
empirical constant (∆r) and the neglect of other effects.36,40.  
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Thorough reviews of the various approaches to correcting these inadequacies 
have been published.37,38 
3.2 EXTENSION OF ORIGINAL BORN MODEL 
For the purpose of this thesis, we are interested in a specific situation namely the 
removal of bulky anions from an aqueous HCl solution onto a cationic site of a 
resin.  The newer developments43 in which molar Gibbs free energies and 
enthalpies of transfer from water to non-aqueous solvents are determined, 
include the use of solvatochromic indices.  These are characteristic parameters of 
 
be linearly related to dM-O for MnO4- and ReO4-, giving ∆d=0.083 nm. 
h
 A linear free-energy relationship based on anion-exchange equilibrium constants has been used 
to predict ∆Gh(X-); the values obtained for TcO4- and ReO4- were respectively, -251 (shown in 
table), and -234 kJ/mol. 
 45 
the solvent required to perform these calculations. They are used in combination 
with similar parameters characteristic of the ions. 
 ∑ −=→∆
j
wsi
o
tr ])j(P)j(P[)j(A)SW,X(G  eq. 3.3 
The solvent parameters P(j)  are:44 
(i) The π* scale is an index of solvent dipolarity/polarizability, which 
measures the ability of the solvent to stabilize a charge or a dipole by 
virtue of its dielectric effect. 
(ii) The α scale of solvent HBD (hydrogen-bond donor) describes the ability 
of a solvent to donate a proton (or accept an e pair) in a solvent-to-
solute bond (thus acidic parameter or electrophilic property ET) 
(iii) The β scale is similar to DN thus a basic parameter (i.e. a nucleophilic 
property) 
(iv) 10/ε i.e. the normalized reciprocal of the dielectric constant  
(v) δ2/1000 the normalized square of the solubility parameter.45  The 
cohesive energy density parameter δ2 relates to the work required to 
form a cavity in the solvent.  [The original parameter was in terms of the 
molecular cohesive energy (-E)] 
 Solvent parameters per unit volume 
 )V/E(−=δ  
 The cohesive energy density is defined as C = -E/V where V is the 
molar volume and is thus approximately equal to the square of the 
solubility parameter. 
 δ2 = C•∆ig U/V. 
 The latter term is the energy required to vaporize the liquid to its 
saturated vapour at a temperature below its boiling point.45  
(vi) V/100, i.e. the normalized molar volume.  
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In the case of a resin in contact with the aqueous phase these properties are 
taken over by the nature of the resin and the properties of the cationic site. 
The properties of the ions Ai(j)35,44,46,47 are described by further parameters: 
(i) the charge z 
(ii) 1/r, i.e. the electrical field strength of the ions as expressed in terms of 
charge and the reciprocal of the crystal ionic radius (in nanometers) 
(iii) the size of the ion was expressed as the volume occupied by it, 
)nmr(r
3
400C100 3 =
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=  
(iv) The polarizability of the ion was expressed in terms of its normalized 
molar refractivity RD/10 (RD in cm3 mol-1) [Refractive index n=sine of the 
incident light ÷  sine of refracted light when light travels from a vacuum 
through the medium, the specific refractivity = 
d
1n − (d=density of 
substance), and the molar refractivity = 
d
1n −
 x molar mass], and 
(v) the softness parameter σ 
For the purpose of this thesis the main interest in these parameters of anions lies in 
how far these can be used to assist in their mutual partition.  Since most of these are 
large anionic species, only two of the solvent parameters are required to calculate 
the standard Gibbs free energies and enthalpies of transfer namely π* and δ2/100044 
as independent parameters. Only two of the parameters are of first order interest 
namely π* and δ2/1000.44  These two are the only independent parameters required 
for the calculation of their ∆trG° values although σ relates to both of these. 
3.2.1 σ PARAMETER 
Already Ahrland has pointed out in 196848,49 that the difference between the 
standard molar enthalpy of hydration of a cation and the total energy of ionization 
required to produce it, is a good measure of the relative softness of the ion.  (A 
corresponding relationship exists for the standard molar enthalpy of hydration and 
the electron affinity for an anion).  Marcus39,40 developed this relationship further 
and has presented extensive tables of softness parameters.  
 47 
Since the most extensive set of data for the standard molar enthalpy of solvation 
is available for the solvent water, and since the hydrogen ion has a special 
relationship to this solvent, the softness parameter scale for cations (Mm+) was 
defined as 
 σM  =  [σA (Mm+)  -  σA(H+)]/σA(H+) 
where  
 σA(Mm+)  =  [ Σmi = 1  Ii  +  ∆hyd H0 ]/m 
and IEIm
1i i
=∑
=
 and ∆hyd H0 = the standard molar enthalpy of Mm+.  These 
expressions lead to negative values for the softness parameters of ions known to 
be hard Lewis acids and to positive values for those known to be soft.  
+m  e-
-ΣmI In
hydration
∆H°h
M
Mm+
Mm+
Water
σA
gas
gas
 
 
 
 
 
 
 
 
-a e-
Ea
hydration
∆H°h
X
Xa-
Xa-
Water
σB
gas
gas
 48 
Similarly, values of σx, the softness parameters of anions (Xx-), are obtained from: 
σx  =  [σB(Xx-)  -  σB(OH-)] / σA(H+)50 
where the hydrated hydroxide ion, which strongly resembles the hydrated 
hydrogen cation, is taken as the reference, and 
σB(Xx-)  =  [ - EA  +  ∆hydH0] / x 
and EA is the electron affinity of the atom or radical producing the anion.  Here, 
again, the softness parameters of anions that are soft Lewis bases are positive 
and those that are hard are negative.  Thus, when the enthalpy of interaction 
between ions of opposite charge is made to be proportional to the negative value 
of the product of the softness parameters of these ions, the observed preference 
for soft-soft and hard-hard interactions over soft-hard interactions is recovered. 
A selection of softness parameters arranged in decreasing softness is given in 
table 3.2 for both cations and anions.  The significance of these data to the 
separation of ions will in later discussions be illustrated, when these values are 
linked with other relevant parameters. 
Table 3.2   Softness parameter values for some ions 
Cations Softness parameter Anions Softness parameter 
(C6H5)4As+ 7.32 B(C6H5)4- 6.86 
(CH3)4N+ 0.81 BH4- 2.00 
Pd2+ 0.48 I- 0.50 
Pt2+ 0.33 Br- 0.17 
Fe3+ 0.29 NO3- 0.03 
Cs+ -0.46 Cl- -0.09 
Rb+ -0.49 ClO4- -0.30 
K+ -0.53 F- -0.66 
NH4+ -0.60   
Na+ -0.75   
Li+ -0.95   
The very unsatisfactory ‘fit’ of the calculated value of ∆Gh(X-) for BPh4- illustrates 
how unsatisfactory the electrostatic treatment of eq. 3.2 applies to large 
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hydrophobic ions (table 3.1).   
3.2.1.1 The softness of chemical entities (metal ions, ligands and solvents) 
− It is advisable to investigate the various aspects of soft and hard species.  
For cations consider H+, Na+, Ag+ and Net4+. 
− H+ is used as the reference its interaction is highly electrostatic with water 
and because of its high charge density intense. 
− Na+ (relatively low IP) its interaction with water is similar to H+, i.e. highly 
electrostatic and intense. 
− Ag+ has a relatively high IP but the ion does not interact strongly with 
oxygen-donors like water.  The π electrons of the O atom are repulsive to 
the filled π orbitals of Ag+. 
− Net4+ as cation.  Its interaction with H2O is very small due to its large size 
and low charge density as well as hydrophobic exterior. 
− Compare their interaction with S2-. The H+ greatly ‘distorts’ the S2- to such 
an extent that SH- forms, thus reducing the charge and lowering the 
enthalpy of hydration. 
− The Na+ does not react with S2- strongly, since S2- reacts with the H2O to 
form SH- and OH-, again lowering the charge density of the anionic 
species.  
− The Ag+ reacts strongly with S2- in spite of the presence of water.  The 
charge on both ions are reduced to zero due to the formation of the very 
insoluble Ag2S due to π-π interaction between the orbitals of Ag(I) and 
S2-.  
− The reaction of Net4+ as cation with S2- will be very similar to that of Na+, 
in so far that S2- will react with water molecules rather than with Net4+.  
The IP of the Net4 radical will be relatively high, thus Net4+ will be soft.  
3.2.1.2 Conclusions 
In the above comparison, it became clear that softness relates to the tendency of 
a cationic species to react with the oxygen of water.  Ag+ is “soft” due to its weak 
preference for the electrostatic interaction with the oxygen out of the nature of its 
atomic structure, whereas Net4+ is soft because of its very low charge density and 
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the hydrophobic exterior, thus resulting in weak electrostatic interaction with 
water.  The softness of Nme4+, AsPh4+ and BPh4- are similar to that of Net4+. 
Even the greater softness (lower σ values) amongst the alkali metal ions from Li+ 
→ Cs+ is similarly charge density related. 
On the other hand, the softness of Pd2+ and Pt2+ are related to the behaviour of 
Ag+, in which covalent interaction is preferred to electrostatic.  
Since the interest in this work lies in the properties of bulky anionic species and 
their separation from each other, it was thought worthwhile to investigate other 
properties of these species which can possibly illuminate their behaviour. 
3.2.2 IONIC RADII 
The size of the ions is obviously important parameters in the treatment of their 
separation behaviour.  The ionic radii of simple inorganic anions like the halides or 
cations like the alkali metals have been determined by X-ray analysis.  Although 
these radii differ from researcher to researcher the differences for the same ions are 
normally relatively small.  The values of different researchers who used slightly 
different approaches normally lead to at least linear relationship between the radii of 
the methods, for example Pauling and Goldschmidt.  In the case of more complex 
inorganic ions, for example multi-atomic ones like ClO4-, BF4-, SO42-, etc., the 
assumption of their spherical symmetrical nature is not as accurate as in the 
previously mentioned ones.  Kapustinskii51 developed a method of calculating the 
size of these ions by using inter atomic distances.  These were referred to as so-
called thermal radii.  Later researchers slightly modified this approach.  This led to a 
fairly extensive list of radii for such ions.  In most of the cases of the purely inorganic 
complex ions like permanganate and sulfate the calculated hydration energies 
compared fairly well with those obtained experimentally, although in most cases it 
somewhat exceeds the experimental values.  In some cases where the deviation of 
spherical symmetrical character is obvious and very large, like ClO2-, the calculated 
values differ greatly from the observed and are far too low.  In the case of the anions 
and cations consisting of organic groups like tetraalkylammonium and 
tetraphenylarsonium or tetraphenylborate, the calculations are very greatly different.  
See table 3.1 for tetraphenylborate. 
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Table 3.3:   Ion size and extended hydration data for representative anions 
Anion X 
Ionic 
radius 
(nm) 
Thermoch. 
Radius 
(nm) 
dM O (nm) 
∆Gh(X-) 
obs (kJ 
mol-1) 
∆Gh(X-) 
calc eq. 3.2 
(kJ mol-1) 
∆Gh(X-) 
calc lit* 
(kJ mol-1) 
F- 0.130 0.126  -465 -449 -345 
OH- 0.137 0.133  -430 -449 -345 
HCO3-  0.156  -335 -388 -310 
CH3CO2-  0.162  -365 -375 -300 
HCO2-  0.169  -395 -361 -290 
Cl- 0.181 0.172  -340 -338 -270 
IO3-  0.181 0.181 -400 -338 -270 
Br- 0.196 0.188  -315 -314 -250 
BrO3-  0.191  -330 -322 -260 
CN-  0.191  -295 -322 -260 
NO2-  0.192 0.125 -330 -320 -255 
N3-  0.195  -295 -316 -250 
NO3-  0.196 0.125 -300 -314 -275 
H2PO4-  0.200  -465 -308 -245 
ClO3-  0.200  -280 -308 -245 
CNO-  0.203  -365 -304 -240 
HS-  0.207  -295 -298 -235 
I- 0.220 0.210  -275 -282 -220 
SCN-  0.213  -280 -290 -230 
BF4-  0.232  -190 -268 -205 
BO2-  0.240  -460 -259 -195 
MnO4-  0.240 0.159 -235 -259 -195 
ClO4-  0.240 0.144 -205 -259 -195 
IO4-  0.249 0.179  -250 -170 
ClO2-  0.250 0.158 -430 -249 -180 
TcO4-  0.252 0.171 -251 -245  
ReO4-  0.260 0.174 -330 -240  
Ph4B-  0.421  50 -149 15 
CO32-  0.178  -1315 -1399 -1300 
S2- 0.184 0.191  -1315 -1357 -1280 
SO32-  0.200 0.151 -1295 -1256 -1230 
CrO42-  0.240 0.163 -950 -1060 -1120 
SeO42-  0.243 0.152 -900 -1047 -1110 
SO42-  0.230 0.148 -1080 -1103 -1145 
SiF62-  0.259  -930 -986 -1075 
PtCl62-  0.313  -685 -823 -955 
PdCl62-  0.319  -695 -809 -945 
PO43-  0.238 0.152 -2765 -2413 -2835 
3.2.2.1 Complex inorganic ions 
In cases like permanganate, perchlorate and BF4-, which can all readily be 
approximated to an overall spherical symmetry, we must still bear in mind that the 
electronegativity difference between the central atom and the surrounding ones 
                                            
*
 Standard molar Gibbs energies of hydration reported for the single-shell model using the ionic 
radius or the thermochemical radius.  
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will play a role as far as the charge distribution is concerned.  For example – in 
the case of perchlorate the chlorine in oxidation state VII has a similar 
electronegativity than oxygen, which will almost certainly mean that electron 
distribution would be fairly equal between the chlorine and the oxygen atoms.  In 
cases where there is a bigger differential, the charge on the surface will be 
greater than the formal charge and may lead to greater hydration energies.  In 
cases where the spherical symmetrical assumption is very poor, like BO2- and 
ClO2-, the calculated and the observed vary greatly.  These are however a 
minority. 
3.2.2.2 Organic containing ions 
Although a large number of observed hydration energies are not available for 
these ions, in those for which it is known, differences are very large and the 
electrostatic approach fails completely.  These organic cations however play an 
important role in the phase transfer of the bulky chloroanionic species of the PGMs.  
These are therefore of interest for the purpose of this research work.  It has been 
stated44 that for the phase transfer of these ions only two of the solvatochromic 
parameters are important namely δ2 and RD.  RD is the polarity/polarizability 
parameter.  It was also mentioned46 that this parameter is related to the so-called 
softness parameter, σ.  When these two values were plotted against each other a 
linear relationship was obtained – see figure 3.1 and 3.2. 
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Figure 3.1:    RD/10 vs softness for cations (refer table 3.11) at the end of this chapter. 
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Figure 3.2:  RD/10 vs softness for anions (refer table 3.12) at the end of this chapter. 
This is not surprising since so-called softness can readily be related to 
distortability and in a sense to more covalent interaction.  At the same time there 
is an increase in hydrophobicity for these ions with increase in size and thus 
these ions are much more readily phase transferable out of polar water.  It is also 
of interest to compare the calculated hydration energy vs 1/r relationship for ions 
in general – see figure 3.3 for the cations. 
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Figure 3.3:   A plot of Ghydr in kJ vs 1/r (refer table 3.13) for cations. 
The large deviation of the experimental value from the calculated one (AsPh4+) 
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can almost certainly be related to the large increase in hydrophobicity due to the 
organic bulk.  A similar deviation is found for the large anion (BPh4-).  A relatively 
large deviation is also found amongst bulky dianionic species (see values for 
PdCl62- and PtCl62- in table 3.4). 
 Table 3.4: G vs 1/r for some large anions 
Ion 1/r G (calculated) G (observed) 
Ph4B- 2.375 -149 50 
SnCl62- 2.627 -682 - 
IrCl62- 2.635 -684 - 
TeCl62- 2.732 -708 - 
FeCl4- 2.793 -175 - 
PdCl42- 2.839 -735 - 
AuCl4- 2.945 -184 - 
RuCl62- 3.012 -778 - 
PbCl42- 3.058 -790 - 
SeCl62- 3.067 -792 - 
OsCl62- 3.086 -797 - 
PdCl62- 3.135 -809 -695 
AlCl4- 3.155 -197 - 
PtCl62- 3.195 -823 -685 
When RD is plotted against 1/r a remarkably similar behaviour is observed 
(approximately linear behaviour for smaller ions and very drastic deflection from 
linearity for large ions).  This suggests that the drastic increase in softness (σ) or 
distortability (RD) and at the same time hydrophobicity can account for this 
behaviour.  This drastic increase in polarizability is observed in going from N(CH3)4+ 
to Nbut+.  It can be anticipated that the G values of all of these cations will also 
greatly deviate from the calculated ∆G values (see figure 3.3).  Their observed 
values are likely to fill the gap between Cs+ and AsPh4+ (data in table 3.13).  This 
indication of the importance of distortability is also noticeable amongst the few bulky 
chlorodianionic species for which both calculated and observed values are known, 
since an overestimation of the hydration energy in terms of the electrostatic 
approach is also obtained in these cases – compare PdCl62- and PtCl62-. 
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Figure 3.4:  Plot of polarizability (RD) vs 1/r (refer table 3.5) for cations. 
Table 3.5:  Polarizability (RD) vs 1/r 
Ion RD 1/r 
As(C6H5)4+ 115 2.34 
Nbut4+ 79 2.42 
Nprop4+ 61 2.63 
Net4+ 39 2.96 
Nme4+ 23 3.57 
Cs+ 6.71 5.92 
NH4+ 4.7 7.81 
K+ 2.71 7.52 
3.2.2.3 Summary 
When the various graphical representations relating to the behaviour of ions are 
considered, a few aspects are noticeable, namely the radius of medium to small 
ions can be used to obtain a relatively close result from the calculation in which 
electrostatic assumptions are made in terms of the comparison between the 
calculated and observed.  In the cases where the approximate spherical nature 
can seriously be questioned, for example ClO2- and BO2-, the calculation greatly 
underestimates the hydration energy.   
 56 
This can possibly be related to the much higher charge density of such linear 
rather than spherical ions.  For the larger inorganic anions, the calculations 
overestimate for example PdCl62-.  For the larger “organic” cations and anions, 
this over calculation is much more drastic.  This is perhaps not difficult to 
understand if the large increase in hydrophobicity, softness and polarizability are 
considered.  A further interesting aspect is when the hydration numbers of these 
larger ions are considered.  In the case of tetramethylammonium for example, a 
figure of 1.852 has been determined, whereas from tetraethylammonium to 
tetrabutylammonium zero hydration numbers were found, suggesting totally 
insignificant interaction with water.  This behaviour is also illustrated by a plot of 
RD vs 1/r, which from the smaller cations to tetramethylammonium shows an 
approximately linear relationship but deflecting rather drastically for larger 
cations, thus agreeing with their properties as so-called phase transfer ions (i.e. 
from aqueous to non-aqueous).  This property is therefore exploitable in the 
design of separating agents for bulky anionic species like the chlorometallates of 
the PGMs.  During the course of our experimental work this property will be 
continually referred to and further investigated.  Since this is not the only required 
property for efficient phase transfer also stereochemistry and capacity of 
separating agent are to be considered for suitable industrial application.  
3.3 IONS WHICH BEHAVE ABNORMAL 
In the investigation so far it became clear that the electrostatic approach using 
the assumption of spherical symmetrical structures can be meaningfully applied 
to a number of ions with respect to the calculation of the hydration energies and 
their agreement with experimental values.  Reasons were also given for 
deviations due to the distortability/softness of specifically larger and/or 
hydrophobic species.  In order to investigate now the so-called abnormal 
behaviour, the following classification can be done: 
i) relatively small ions for which the spherical approximation is very poor for 
example BO2- -460 (-259) and ClO2- -430 kJ/mol (-249) (See table 3.3).  
In both these cases these ions are either linear or somewhat angular.  
The charge distribution can be expected to be localized.  The interaction 
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with the water molecule is much higher in reality than calculated by the 
above method.  A further example is that of H2PO4-.  Although it can 
possibly be approximated to spherical there will be pronounced point 
charges (δ- on the oxygens and δ+ on the hydrogens).  In this case the 
observed hydration energy -465 kJ/mol exceeds by far the calculated 
-308 (see table 3.3). 
The abovementioned examples can thus be regarded “harder” than expected 
from even distributions. 
ii) Extremely large ions 
(a) fairly symmetrical ones like PtCl62- and PdCl62-.  Although these can 
both be assumed to be spherical, their charge density is low and 
their distortability is high.  In these cases the observed values are 
much lower than the calculated ones.  PtCl62- -685 (-823) , PdCl62- -
-695 (-809) (see table 3.3).  The reason for their deviation is their 
distortability or softness which leads to an overestimation by the 
electrostatic approach.  The large symmetrical organic ions like 
tetraalkylammonium and tetraphenylarsonium also fit into this 
category with the difference only that their softness is enhanced. 
(b) Organic species like propylammonium.  In such cases, the spherical 
approximation is extremely poor.  These contain a large 
hydrophobic (soft) end but also a polar hard end.  Under suitable 
circumstances, such species can be employed for specific phase 
transfer functions in circumstances where the highly symmetrical 
analogues will fail.  Such cations can in some respects be regarded 
as analogous to the previously discussed H2PO4- anion.  The 
theoretical calculations with electrostatic assumptions can not be 
expected to approach the experimental hydration energies. 
3.4 TYPES OF DIFFERENT BULKY ANIONS 
When the characteristic properties of the anions with respect to each other are 
determined, decisions as to which cations will promote their separation will be 
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facilitated.  It was therefore thought advisable to study the basic properties of 
these bulky anions involved in the feed solution in order to determine their 
specific physical parameters relating to their mutual separation.  Upon studying 
such properties of the more common anions, it will be advantageous to 
investigate these uncommon anions applying similar criteria like distortability 
(RD), and softness (σ) to investigate how these can be exploited towards their 
mutual separation.  In the previous investigation it became clear that hard ions 
which are not readily distortable can be exposed to treatment based on 
electrostatic principles for the calculation of hydration energies which produce 
calculated values relatively close to the experimental.  These can then be 
informative in the phase transfer process (separation).  On the other hand such 
calculations on very bulky distortable anions render calculated results greatly 
differing from the experimental – overestimating their hydration energy.  It should 
be advantageous to find ways in which their behaviour can be defined in terms of 
effects of distortion.  
 In order to clarify this situation it seemed advisable to study the two extremes in 
behaviour, namely a bulky anion which is hardly distortable and one which is very 
distortable.  For this reason a study was made of such typical ions related to the 
separation in question in this thesis.  The best example found for a relatively 
bulky non-distortable hard ion was thought to be the perchlorate ion.  The 
investigation was therefore initiated with a study of this ion. 
The perchlorate ion  
The properties of this ion will be studied as a prototype of a low charge density, not 
readily distortable, bulky anion.  This ion is “hard” (low RD (12.8) and σ (-0.30)47 
values).  Its properties are dominated by the high electronegativity of chlorine in the 
oxidation state +VII which renders the ion very weakly basic (low electron-donor 
capacity).  This also relates to its other properties namely its relatively low 
distortability in spite of its size (RD value = 12.8)43 as well as its low σ value of -0.3 
thus reflecting its “hardness”.  Its relatively large size (thermal radius 2.4 Å), as well 
as its fairly symmetrical structure (tetrahedral) which can be approximated to 
“spherical”, result in a relatively low hydration energy.  Ion pairing of this ion and/or 
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phase transfer e.g. precipitation, will occur with relatively large cations having low 
hydration energies (low charge densities).  The solubility properties of perchlorate 
with a number of different types of cations, thus its phase transfer from liquid to solid 
in the same liquid phase i.e. water will now be studied.  The results are given in table 
3.6. 
Table 3.6: Solubility and physical data for perchlorate salts. 
 
 Ionic Radius (Cat+) Conc (M) 25 °C 
NaClO4 0.98 1.71 
KClO4 1.33 0.012 
RbClO4 1.49 0.0069 
A 
CsClO4 1.65 0.0085 
N(me)4ClO4 3.00 0.29 
Net4ClO4 3.63 0.21 
B 
Npropet3ClO4  0.30 
C Nme2et2ClO4  6.67 
Me3NHClO4  1.25 M 
Me2NH2ClO4  14.3 M 
MeNH3ClO4  8.36 
D 
NH4ClO4 1.43 1.58 
 Precipitation is a method of phase separation and the solubility values, which 
could readily be determined experimentally, thus will reflect the behaviour of the 
perchlorate ion in the presence of the different types of cations.  When 
considering these a number of aspects become clear.  Perchlorate precipitates 
only with cations having relatively low charge densities e.g.  
i) The larger cations of the alkali metals (group A). 
ii) With relatively symmetrical quaternary ammonium cations (group B). 
but not with very bulky unsymmetrical quaternary ammonium cations (group C) or 
cations with high point charges (group D). 
 It is also clear, that from a precipitation point of view, relative packing in the solid 
is a secondary criterion although the low charge density cation character is still 
the dominant factor.  Precipitation can be regarded as a means of separation in a 
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single liquid medium (water).  However, in the separation of a two liquid phase 
system, say from water to a low dielectric non aqueous solvent, packing in a solid 
state situation will not be relevant, but ion pairing and dehydration of ions will be the 
only dominant factors.  Thus, a quaternary ammonium cation like the 
dimethyldiethylammonium, which can not be regarded as a good precipitant (see 
table 3.6), will still be a good phase transfer agent because the criterion of readily 
dehydration will still be fulfilled.  Cations with localized charges will either be totally 
unsuitable or poor separating ions, since such cations will have relatively high 
hydration energies.  This behaviour is readily illustrated by the comparison of 
extraction studies of perchlorate with a bulky tertiary ammonium cation with a high 
charge on the proton viz. trioctylammonium and that of a low charge density cation 
viz. trioctylmethylammonium cation.  Both extractions were performed with the 
cations in toluene solution and the perchlorate in the aqueous phase with chloride as 
reference.  The KD values obtained were 15 (the trioctylammonium) and 13700 for 
trioctylmethylammonium respectively, illustrating the above mentioned behaviour. 53 
MCl63- ions (M = Rh, Ir) 
This species will now be considered as a prototype of a readily distortable relatively 
high charge density soft ion.  In a sense this type can be regarded as the opposite of 
the previous prototype.  Although the RD and σ values of this type of ion is not yet 
determined, perhaps as a result of their uncommonness, its properties can readily be 
anticipated.  In this situation we are dealing with a central 4d or 5d transition metal in 
the +III oxidation state (relatively low electronegativity), octahedrally surrounded by 
six chlorides, where ligand-ligand repulsion will be a significant factor in spite of the 
relatively high covalent character in the transition metal chlorine bond.  Such an 
anionic species can therefore be expected to have relatively high hydration energy 
(charge of 3-) as well as to be very distortable.  The behaviour of these ions in the 
context of separation will thus be very different to that of the previously discussed 
prototype.  The properties of this type of anion can similarly be investigated by 
solubility studies.  A study of the solubility properties of RhCl63- indicated that this 
species can only be precipitated by cations having very high charge densities, 
preferably tricationic species, like diethylenetriammonium, but also with dicationic 
species having high charge densities, like primary diammoniums, such as the 
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ethane, butane and hexane-diammoniums (See table 3.7).  The ethane 
diammonium species, that is the one with the shortest distance between the two 
cationic centra, forms the most insoluble salt. 
Table 3.7:   Solubilities of the rhodium(III) ammonium salts. 
Solubility in 3 M HCl Ammonium Chloride 
Salts mg/l M 
Pyridinium 122 1.184x10-3 
Ethane-1,2-diammonium 775 7.52x10-3 
Butane-1,4-diammonium 5048 0.04901 
Hexane-1,6-diammonium 6720 0.0652 
High charge density monocationic species only form insoluble salts with 
rhodium(III) in exceptional cases, for example, the pyridinium cation (a point 
charge of +0.3 on the protonic hydrogen – see table 3.10 discussed under 
cations).  Examples will also be presented and discussed in a solvent extraction 
system, using tertiary ammonium species as extractants, in a later chapter. 
Solid reflectance spectra of the salts were used for the characterization of the 
rhodium(III) species, RhCl63-.  A typical example of a spectrum is represented in 
figure 3.5 (peaks at 412 nm and 513 nm are very typical of this rhodium(III) 
species).55 
 
Figure 3.5:   Solid reflectance spectrum of the Rhodium(III)-ethylenediammonium complex. 
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The above behaviour of RhCl63- is not unique since it is known that CuCl53- can 
be precipitated from fairly concentrated HCl solutions under similar conditions as 
mentioned above.  This has been found in cases where this specific copper(II) 
species is not even the major species in solution, especially if a tricationic high 
charge density species like diethylenetriammonium (deta) is present.57  No 
precipitation could be achieved by a number of lower charge density cations like 
potassium, cesium and quaternary ammonium indicating the need for high charge 
density cations like primary, secondary and tertiary ammonium cations for the 
separation of this prototype.  In table 3.8 a few prototypes of the two extreme 
cases and an intermediate type have been given. 
Table 3.8:  A few prototypes of the two extreme cases and an intermediate type. 
Low charge density (low 
hydration energy) Intermediate types 
High charge density 
(high hydration energy) 
ClO4- 
Net4+ 
IrCl62- 
PtCl62- 
RhCl63- 
deta 
methylammonium 
3.5 INTERMEDIATE ANIONIC SPECIES 
After the consideration of two prototypes which can be regarded as two extremes, 
in the first instance perchlorate ion, in which the most important aspects are low 
hydration energy and low charge density and a prerequisite of the cation to be of 
a similar type (low hydration energy and low charge distribution) and on the other 
hand MCl63- species in which case the most important properties are its 
distortability and relatively higher charge density, there are a larger number of 
species which could be labelled “intermediate”.  In these cases different mixtures 
of the extreme properties will be found depending on the nature of the anion.  A 
comparison of the properties between IrCl62- and PtCl62- will be used to illustrate 
the behaviour of “intermediate” ions. 
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Table 3.9: Solubility data for the ammonium salts of perchlorate (in water) and the 
chloroanionic platinum group metals (in 3 M HCl) (Molarity of saturated 
solutions). 
Solubility (M) 
Ammonium Cations 
ClO4- IrCl62- PtCl62- 
(i) Tetramethylammonium 0.290 0.0297 0.0228 
(ii) Tetraethylammonium 0.214 0.0365 0.0376 
(iii) Methylammonium 8.36 0.0411 0.391 
(iv) Dimethylammonium 14.9 0.146 0.158 
(v) Trimethylammonium 1.25 0.0757 0.143 
(vi) Pyridinium 0.443 0.0133 0.0418 
(vii) Imidazolium 1.45 0.00722 0.131 
When the basic properties of IrCl62- and PtCl62- are compared the following facts 
are relevant to the separation process.  The higher effective charge on 
platinum(IV) (the later 5d transition metal) will result in the smaller overall size of 
PtCl62- as compared to IrCl62- (the thermal radii in the literature are IrCl62- 3.35 
and PtCl62- 3.13).38  This means that the iridium salt will be more distortable than 
the platinum one.  Both will have relatively low hydration energies bearing in mind 
their large size.  Thus, both have properties which can possibly be exploited by 
two different types of cations.  We will firstly investigate again their solubility 
behaviour in 3 M hydrochloric acid solution with different types of cations – see 
table 3.9.  The cations (i) and (ii) are low charge density bulky symmetrical 
cations.  It is interesting to note that the solubilities of the two salts for each of 
these cations closely resemble each other.  The solubilities of the salts of the 
other cations i.e. from (iii) to (vii) show lower solubilities for the iridium salt than 
for the platinum salt. 
The similarities of the solubility properties of the iridium(IV) and platinum(IV) salts 
with quaternary ammonium cations is in agreement with the relatively low and 
almost equal charge densities.  In these cases distortion of the anions plays a 
very minor role due to the low charge density of the cations.  This type of cation 
therefore will not be suitable for their separation due to their “levelling” effect, 
since only their low hydration energies can be exploited. 
On the other hand the very pronounced differences in the solubilities with the 
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other cations, which all have high point charges with higher hydration energies 
but much greater distortion potential, result in a differentiation between the two 
anions, due to the more distortability of the IrCl62-.  In these cases, the dominant 
factor thus is distortion, rendering stronger ion pairing, rather than relative 
hydration energies. 
The differentiation potential of the high charge density cation for IrCl62- and PtCl62- 
is further dramatized when the KD values of IrCl62- and PtCl62- are determined by 
using trioctylammonium cations in toluene and extracting these ions from 
aqueous chloride solutions under similar conditions.  The KD value for IrCl62- of 
6.84 x 104 as opposed to 2.63 x 103 for PtCl62- is obtained.  The bigger difference 
between the two ions under these conditions can be accounted to the much 
stronger ion pairing in the low dielectric solvent, since it is known that the 
separation factor in a two phase system (liquid/liquid) depends on the differential 
of the two ε values of the solvents.35 
The above experiments clearly illustrate how both the nature of the cation and the 
dielectric constant of a medium can facilitate separation. 
Although the above experiments indicate in what direction studies should be 
designed in efforts to develop improved separating agents, due to the presence 
of simultaneous relevant factors experimentation is necessitated with the 
structure and nature of separating agents to achieve optimum conditions.    
3.6 PLATINUM SPECIFIC SEPARATING AGENTS 
When the insight obtained from the above study of the fundamental properties of 
PtCl62-, IrCl62- and MCl63- is considered, certain aspects of these species at least 
provided some guidance to efforts towards the development of a platinum specific 
separating agent.  Some conclusions can now be made.  The separation of 
PtCl62- and IrCl62- will be very difficult especially if it is borne in mind that platinum 
specificity is required suggesting that PtCl62- should be extracted more strongly 
than IrCl62-, thus rejecting IrCl62-.  There are mainly two reasons upon first order 
investigation, namely low charge density cationic species will not be suitable 
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(levelling). Secondly the normal high charge density species will also not be 
suitable – not only will IrCl62- be preferred but also RhCl63- which is also present in 
the feed solution.  It therefore seems as if reduction of IrCl62- to IrCl63- is required, 
bearing further in mind that the iridium(III)/iridium(IV) equilibrium is sensitive to 
stabilization of especially the higher oxidation state through preferential loading.  
The efforts in this work were therefore mostly directed towards the development 
of intermediate species which will reject RhCl63- and IrCl63- and prefer PtCl62- 
loading.  For that purpose active centra containing intermediate type of cations 
were investigated as separating agents.  This will be discussed in more detail in 
the chapter dealing with the specific development of the resins. 
3.7 IONS INVOLVED IN THE SEPARATION OF AuCl4- 
As stated in the introduction, the development of a gold specific separating agent 
with the purpose of the removal of AuCl4- at an early stage of the industrial feed 
solution was also a purpose of this study.  A similar process will now be followed 
as previously done for the PtCl62-, namely the identification and characterization 
of the properties of AuCl4- relevant to the separation process and also those of 
“contaminants”.  The most important amongst the latter is iron in the form of 
FeCl4-. 
3.7.1 AuCl4- 
In view of the single charge of the square planar complex, it can be anticipated 
that hydration energy will be relatively low especially if it is borne in mind that its 
thermal radius was reported to be 3.35 Å.54  In the literature,55 it was stated that 
AuCl4- has a higher loading than even perchlorate on a quaternary ammonium 
active center (trimethylphenylammonium).  In terms of our earlier arguments, this 
is also in agreement with lower hydration energy for AuCl4- as compared to ClO4-.  
It is difficult to anticipate the distortability of AuCl4- since although its bulky charge 
distribution is more localized than in the case of a more spherical ion like 
octahedral or even tetrahedral, the existing chemical evidence from collected 
data show generally high loadings to the common cationic species in separation 
experiments.  A further complication with this ion is that the formation constants 
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of the chlorocomplexes are not extremely high, for example in 1 M HCl 
concentration AuCl4- is by far the predominant species.  With lower HCl 
concentrations various degrees of aquation occur.  The rate of ligand exchange 
of AuCl4- although relatively slow is of the order of palladium(II) chlorocomplexes.  
When stripping studies are performed and low aqueous chloride solutions are 
used this will have to be considered. 
3.7.2 FeCl4- 
This ion has a tetrahedral structure.  The thermal radius is estimated to be very 
similar to that of AuCl4- - 3.33 Å.  From this point of view, it can be considered to 
be very similar to AuCl4-.  The formation constants for these chlorocomplexes are 
much lower than for the gold and K4 controlling the formation of FeCl4-, is not 
known with great certainty (see earlier discussion).  However, in most separation 
studies it is found that significant FeCl4- loading increases from 3 M HCl 
concentration upwards.  This fact can be exploited to reject iron(III) with reference 
to gold with AuCl4-. 
3.8 BULKY CATIONS AND THEIR CHARGE DENSITIES 
In the previous discussion when the properties of PtCl62- and IrCl62- were compared, 
it was already indicated how the type of cation can exploit specific characteristics of 
the anion to maximize ion pairing with the purpose of separation.  It is therefore 
necessary to also investigate the properties of cations to be able to apply these for 
separation of specific anions like those under investigation in this thesis.  Properties 
like charge density, symmetry of cations and hydration energies have already been 
referred to earlier in this chapter.  It will now be useful to compile some detailed data, 
especially for those more bulky cations which can possibly be employed for the 
separations in question. 
As a first order approach, the properties of ammonium and substituted ammonium 
cations will be investigated to determine how their properties can fit into a separation 
scheme.  In the previous discussion, the significance of charge in terms of charge 
density, localized charge, distortability and softness of a species can play a role.  
Charge distribution of the hydrogens on the surface of the ammonium cations were 
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therefore determined by the application of a known computer program (Spartan).  
The main interest in the cationic species is in the fractional charge on the protonic 
hydrogen atom as well as the average fractional charge on the other hydrogen 
atoms.  In table 3.10 such data for ammonium and a number of substituted 
ammonium cations are depicted. 
Table 3.10: Charge distribution on the hydrogens of the ammonium cations. 
Ammonium 
Cations 
No of N-H 
hydrogens 
Charge (+) on 
each H atom 
No of C-H 
hydrogens 
Charge (+) on 
each H atom 
NH4+ 4 0.27 - - 
NmeH3+ 3 0.262 3 0.16 
Nme2H2+ 2 0.255 6 0.15 
Nme3H+ 1 0.251 9 0.15 
Nprop3H+ 1 0.239 21 0.11 
Noc3H+ 1 0.238 51 0.093 
Nme4+ - - 12 0.14 
PyrH+ 1 0.298 5 0.20 
Upon investigating the data in the table, a number of significant tendencies 
become apparent. 
i) The fractional charge on the “protonic” hydrogen atoms (N-H) as a function 
of alkyl replacement in going from the unsubstituted ammonium to tertiary 
ammonium cations and using the same alkyl group shows a gradual 
decrease in the fractional charge (from +0.27 to +0.251) (column 3 in table 
3.10).  A similar though smaller decrease of the fractional charge on the C-H 
hydrogen atoms in the same direction of substitution is found for the same 
alkyl group (+0.16 to +0.15 for methyl) (column 5). 
ii) A similar reduction of the fractional charge on the protonic hydrogen upon 
increasing the length of the alkyl group is experienced for example from 
+0.251 to +0.239 to +0.238 in going from methyl to propyl to octyl in the 
case of a tertiary ammonium (column 3).  A corresponding reduction in the 
fractional charge of C-H hydrogens for the same changes occurs (+0.15 to 
+0.11 to +0.093) (column 5). 
iii) For tetraalkylammonium cations an abrupt change occurs i.e. no protonic 
hydrogens and still relatively low fractional charge on C-H hydrogen atoms.  
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The charge is spread over more C-H hydrogens thus having significantly 
low charge densities. 
iv) For aromatic ammonium cationic species, like pyridinium the fractional 
charge on the protonic hydrogen is higher than any of those on the aliphatic 
system.  This also applies to the charge on the C-H hydrogens.  See table 
3.10.  This fact can be related to the π delocalization typical of aromaticity.  
Compare the curves in the accompanying figure for the graphical 
representation of the decreases (figure 3.6).   
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Figure 3.6:   Fractional charge on hydrogen atoms of ammonium cations. 
In figure 3.6(a) at position 1 is indicated the fractional charge on the protonic 
hydrogen (pink square) as well as the fractional charge on the hydrogen atoms 
on the aromatic system.  The significantly higher positive charges as compared to 
the aliphatic system are clearly illustrated.  At positions 2 to 5 are similar charges 
plotted for ammonium NH4+ with increasing methyl substitution.  The gradual 
decrease of the fractional charge on the two types of hydrogen atoms is also 
indicated.  At position 6 the fractional charge on the C-H hydrogens of the 
tetramethylammonium cation clearly shows the abrupt nature with respect to the 
other methyl ammonium cations.  Not only the absence of a protonic hydrogen 
but even lower fractional charges on the other C-H hydrogen atoms. 
In figure 3.6(b) the charge distributions as a function of chain length amongst tertiary 
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ammonium cations is illustrated.  At position 1 in this case is trimethylammonium 
(3 carbon atoms) at position 2 the propyl analogue (9 carbon atoms) and in 
position 3 the octyl analogue (24 carbon atoms).  A marginal decrease in the 
charge on the protonic hydrogens with increase in alkyl chain length is indicated.  
A relatively larger decrease however, on the charge of the C-H hydrogens is 
observed.  The effect of the point charge on the protonic hydrogen of the larger 
group can be expected to be smaller in terms of the size of the overall cation.  
Thus, the overall electrostatic effect can be expected to decrease in the direction 
of larger groups especially if it is also borne in mind that the charges on the C-H 
hydrogens are decreasing.  These observations do not even consider the effect that 
the charge distributions on the inner carbon hydrogen atoms may not be involved in 
interaction with anions.  If all these factors are considered the relatively rapid 
increase in softness of these ions mentioned earlier is not surprising.  
 In the approach thus far only charge distribution was investigated but not the 
stereochemistry and position of charge in terms of availability for electrostatic 
attraction viz. stereochemistry.  In order to investigate this property the stick and 
ball as well as spacefilling models of the relevant cationic species in the table 
have been calculated and are depicted in figures 3.7 to 3.11. 
Figure 3.7:  Models for the ammonium ion 
Figure 3.8:  Models for the methylammonium ion  
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Figure 3.9:  Models for the dimethylammonium ion 
 
Figure 3.10:  Models for the trimethylammonium ion 
 
Figure 3.11:  Models for the tetramethylammonium ion 
From these models, it can be seen how the protonic hydrogen atoms can be 
stereochemically screened by the hydrophobic alkyl substituents in an increasing 
manner from primary to secondary to tertiary ammonium ions through the application 
of normal n-alkyl groups.  As repeatedly emphasized earlier in this chapter, relative 
hydration energies on the one hand and charge density or approachability to allow 
electrostatic interaction are two important parameters.  Both of these however can 
now be controlled.  Firstly, the hydration energy of the cation by the point charge on 
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the protonic hydrogens and secondly the extent to which these is screened by 
hydrophobic groups, thus influencing their approachability by the bulky anionic 
species to the high charge centre.  This becomes also clear when the small size of 
the water molecule and the larger sizes of the bulky anions are borne in mind.  See 
figure 3.12.  The extent of the screening of the protonic charge can even better be 
controlled via the application of branched alkyl substituents.    
       
 
     
 
               (i)                                   (ii)                                                     (iii)                                  
 
 
 
                (iv)                                 (v)                                                (vi) 
 
               
                (vii)                                  (viii) 
Figure 3.12:    Spacefilling models of i) chloride; ii) perchlorate, iii) PtCl62-, iv) BO2-, 
v) AuCl4-, vi) FeCl4-, vii) ClO2- and viii) water.  
In the case of a resin which uses a polar matrix like silica suspended in an aqueous 
medium, the design of the cationic site with reference to the screening of the point 
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charge(s) is not only of importance, but also the extent of the hydrophobicity in its 
vicinity, since this factor will determine the softness of the cationic site and in turn the 
extent of the phase transfer of the bulky anion.  In view of the number of parameters 
operating simultaneously it will be better to synthesize a number of such species and 
test their separation function experimentally bearing in mind the above mentioned 
arguments.  This option was therefore followed and each type was applied in order 
to determine its usefulness.  This was done for each of the two requirements, 
namely the development of a platinum specific separating agent and secondly for 
that of a gold specific separating agent, since the requirements for these two 
operations differ significantly.  These individual cases will be handled in the following 
chapters. 
3.9 TABLES 
Table 3.11: RD/10 vs softness for cations 
Ion Softness (σ) RD/10 
Li+ -1.02 0.01 
Na+ -0.75 0.07 
NH4+ -0.6 0.47 
K+ -0.58 0.27 
Cs+ -0.54 0.67 
Rb+ -0.53 0.41 
Nme4+ 0.81 2.29 
As(C6H5)4+ 7.32 11.53 
 
Table 3.12: RD/10 vs softness for anions 
Ion Softness (σ) RD/10 
Cl- -0.16 0.82 
ClO4- 0 1.27 
Br- 0.1 1.16 
I- 0.4 1.75 
B(Ph)4- 6.86 10.9 
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Table 3.13: G vs 1/r for cations 
Ion 1/r G (calculated) G (observed) 
Pe4N+ 2.257 -123 - 
Ph4As+ 2.347 -128 50 
(C4H9)4N+ 2.421 -131 - 
(C3H7)4N+ 2.639 -142 - 
(C2H5)4N+ 2.969 -157 - 
Me4N+ 3.334 -173 - 
NH3C3H7+ 3.472 -178 - 
NH(C2H5)3+ 3.65 -186 - 
C2H5NH3+ 4.032 -201 - 
NH4+ 5.84 -265 - 
Cs+ 5.92 -268 -250 
Rb+ 6.76 -293 -273 
K+ 7.52 -314 -295 
Na+ 10.53 -384 -366 
Li+ 16.67 -482 -476 
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CHAPTER 4:   
PLATINUM SPECIFICITY AND RESIN 
DEVELOPMENT - RESULTS 
4.1 INTRODUCTION 
In the previous chapters, the properties of various anions and cations have been 
discussed in terms of the latest developments in the literature in order to 
characterize them to assist with the separation.  It is now necessary to identify all 
the relevant chloroanionic species in order to apply the properties identified in the 
previous chapters to determine how separation of the “contaminant species” can 
be achieved from those of platinum (PtCl42- and PtCl62-).  In table 4.1 the most 
important chloroanionic contaminant species present in the feed solutions are 
depicted. 
Table 4.1:  The most important chloroanionic contaminant species present in the feed 
solutions. 
Rh species 
RhCl3.3H2O, RhCl4(H2O)2-, RhCl5(H2O)2-, RhCl63-, Rh2Cl93- 
Ir species 
Iridium(III) IrCl3.3H2O, IrCl4(H2O)2-, IrCl5(H2O)2-, IrCl63-, Ir2Cl93- 
iridium(IV) IrCl5(H2O)-, IrCl62- 
Fe species 
FeCl24H2O+, FeCl3H2O, FeCl4- 
The chloroanionic species compiled in table 4.1 are compiled on the assumption 
that palladium (PdCl42-) and gold (AuCl4-) have been previously removed from the 
feed solution.  Other PGMs like osmium and ruthenium species, have been 
removed even before those of the latter.  Minor amounts of the above mentioned 
species can be present though at a very low concentration level as compared to 
those in table 4.1. 
In considering the separation potential of the complexes in the table, neutral 
aquated species like FeCl3(H2O) and RhCl3(H2O)3 have very low loading 
capacity.  Charged hydrated species like RhCl5(H2O)2- and IrCl5(H2O)- etc. have 
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also very poor loading capacities and need not be considered.56 
4.2 CHARGED SPECIES TO BE CONSIDERED 
If we now classify the species in terms of their loading properties, we obtain the 
following: Bulky low charge density species are FeCl4- and Rh2Cl93-.  The above 
mentioned two species will preferentially load on low charge density cations (low 
hydration energy).  It has been proved that although M2Cl93- species (M = Rh, Ir) 
are present in very low concentrations in aqueous solutions their formation are 
very strongly motivated by (see equation 4.1) the presence of bulky low charge 
density cationic species.61 
    2 MCl5(H2O)2-        ↔        M2Cl93-    +    2 H2O    +    Cl-                      4.1 
The high charge density bulky species on the other hand are MCl63- (M = Ir, Rh).  
The above species will increase in concentration with increase in HCl 
concentration – see table 1.1 in the introduction.  Their formation is further also 
kinetically controlled.  Two “intermediate species” are present-IrCl62- and PtCl62-.  
The presence of IrCl62- provides a particular problem since its loading capacity is 
almost always higher than that of PtCl62- as discussed in the previous chapter.  
This is true for both of the cationic types, namely low charge density and high 
charge density, since its distortability is higher than that of PtCl62-.  The great 
sensitivity of the RD value for change in radius in the vicinity of 1/r = 3 or lower, 
was illustrated in figure 3.4 in chapter 3 – thus although the thermal radii only 
differ slightly, IrCl62- 3.35 Å and PtCl62- 3.13 Å,58 their distortability (RD values) will 
be quite different.  These facts provide an almost insurmountable problem for the 
separation of these two species, anyhow one in which the separation factor 
differences can not be expected to be large.  Already in our initial investigations, it 
was realized that it will be necessary to work at a redox potential where iridium 
would be in oxidation state III and platinum preferably in oxidation state IV.  In 
figure 4.1 the titration curve of the redox reaction of iridium(III) to iridium(IV) with 
the  formation of IrCl62- is depicted. 
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Figure 4.1:  Formation of percentage of IrCl62- from IrCl5(H2O)2- in 6 M HCl upon chlorination 
at room temperature as a function of oxidizing potential 
In previous work it was found that this titration curve is valid in a homogeneous 
solution.  If however the oxidation is done in the presence of a separating agent 
favourable of loading IrCl62-, the small amount of IrCl62- present by air oxidation is 
already loaded, thus shifting in effect the redox potential by the removal of IrCl62- 
from the iridium(III)/iridium(IV) equilibrium at much lower redox potentials.  This is 
a very important fact in the separation of platinum from iridium since the most 
important aspect is to obtain a separating agent which highly loads PtCl62- and 
which will not load iridium chlorospecies.  The redox potential therefore needs to 
be accurately investigated for the optimization of the separation. 
4.3 IN CONCLUSION 
When all the factors mentioned in the earlier chapters and in the present one are 
considered, it is possible to obtain direction in the design of possible separating 
agents for the mentioned purpose.  Firstly, very low charge density cations can not 
be considered as active sites for the separating agent, even though the IrCl62- 
species will be absent, because M2Cl93- species will load onto such cations and limit 
the separation factor with PtCl62-.  A further problem is that the reversibility, for 
example stripping, from these cationic sites is very difficult.  Secondly, high charge 
density cationic active sites will also not be acceptable, not only will the loading of 
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PtCl62- be negatively affected but the high charge density anions present, like MCl63- 
(M = Rh, Ir), will load from significantly to strongly thus affecting separation 
negatively.  The most obvious cationic site thus appear to be a so-called 
“intermediate” one, which will still load platinum (PtCl62-) strongly and have a low 
affinity for any of the other chloroanionic species present.  Since it is very difficult to 
design such a species theoretically, it was thought best to synthesize a large number 
of such structures which can be expected to have potential.  Quaternary ammonium 
active sites were not considered suitable (extremely low charge density low 
hydration energy species).  Cations having primary amine groups were also not 
expected to be suitable since these would be of the other extreme type (high 
hydration energies and efficient distorters).  It was thought that secondary and 
tertiary ammonium active sites, especially when the protonic hydrogens were 
screened by hydrophobic groups and at the same time introducing so-called soft 
character to the cation, should be considered. 
Bearing in mind the above arguments it would be advisable to perform the 
separation at a redox potential low enough to reduce the iridium(IV) species, not only 
because of its very strong competition with PtCl62-, but also because of the fact that 
such a high potential could destroy the resin, for example via a chlorinating action.  
Furthermore, it should also be borne in mind that IrCl63- is formed upon reduction of 
IrCl62- and that the ligand exchange rate of the 5d transition metal is slow even 
though the HCl concentration in the feed solution is relatively low, where at 
equilibrium the aqua chlorospecies will persist in the majority.  The IrCl63- will only 
very gradually equilibrate.  The rhodium however will be at HCl concentration values 
of 1 to 4 M mainly present in the form of aqua species – these will have very different 
phase transfer capabilities than that of IrCl63-.  This will necessitate the equilibration 
of the iridium(III) chlorospecies before separation can be achieved in an industrial 
situation.  This research was undertaken as part of a comprehensive investigation 
towards the development of a platinum specific resin for application to an industrial 
feed solution. 
As a general policy, decisions were made in an investigation towards active 
centra for the above separation.  Initially solvent extraction studies were 
performed to obtain preliminary information about their potential as separating 
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agents, since these could be executed much more rapidly than those of resins 
which still have to be synthesized.  The comparison of such studies and those of 
their analogous resins also contributed to the insight into the chemistry involved. 
Since the work was aimed at the solution of an industrial problem, the initial 
research was done using synthetic solutions of the major species to be separated 
in the approximate ratio as found in the feed.  In later experiments the resins 
were applied to feed solutions.  The data for the complete feed will be compiled at 
the end of each chapter since it may tend to obscure the real aim of the study. 
Although palladium(II) has already been removed in the industrial feed and IrCl62-
will not be present as a result of the redox potential, the loading of PdCl42- and 
IrCl62- have been studied from an academic interest point of view in batch studies.  
In many instances the loading of the IrCl62- was irregular as a result of its 
oxidation of the amines.  
4.4 PRIMARY AMINE STUDIES (RNH3+ CATIONIC SITES) 
A limited amount of studies were performed using such amines i.e. to create 
primary ammonium cationic sites i.e. with three point charged hydrogen atoms 
(thus high charge density cations). 
A primary amine study (see diagram) 
RNH2 
      
Figure 4.2:  Ball-and-stick- and spacefilling models of the primary amine resin. 
The resin was prepared from an ethanol solution as described under experimental 
in chapter 2.  Its chloride capacity was 0.47 mmol chloride per gram resin.  Batch 
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studies with this resin using 0.005 M metal solutions are given in table 4.2. 
Table 4.2:  Results of batch studies done with the primary ammonium resin using 
individual 0.005 M metal solutions. 
Metal ion [HCl] (M) Potential (mV) Loading (%) Stripping (%) 
PtCl42- 1 477 99 100  
 6 372 33 64  
Rhodium(III) 
species 1 - 77 10  
 6 - 46 25  
IrCl63- 1 650 90 0  
 6 380 90 5  
Fe(III) species 1 560 0 - 
 6 456 0 - 
PdCl42- 1 - 100 100 
 6 - 0 - 
IrCl62- 1 787 100 0  
 6 703 82 5  
These studies show poor separation.  Of interest is the high extraction of iridium(III) 
as compared to rhodium(III), the reason being the differences in the species as 
discussed in the previous paragraph since the iridium(III) was prepared through the 
reduction of IrCl62-, thus emphasizing the high affinity of the highly charged anion for 
the highly charged cationic site.  The difficulty in stripping is also indicated. 
4.4.1 COLUMN STUDIES 
Mole Resin calculated on the basis of its chloride capacity: Mole Pt (1:1) 
The results of column studies with platinum are shown in table 4.3. 
Table 4.3:  The results of column studies with platinum on the primary amine resin. 
[HCl] (M) Mass resin in 
column (g) Potential (mV) 
Pt capacity  
(g Pt/litre 
resin) 
Stripping (%) 
1 3.047  302  10.29   94.22 (10 bed vol 6 M HCl) 
3 3.720 309 14.18 85.99 (10 bed vol 6 M HCl) 
6 3.026 510 9.83 85.82 (10 bed vol 6 M HCl) 
 80 
The relatively low capacity for platinum as well as the difficulty to strip the 
platinum effectively is indicated by the results in the table. 
Solvent extraction studies in this instance could not have been performed due to 
the extreme aqueous solubility of this active centre in acidic medium. 
4.4.2 STUDIES WITH SECONDARY AMMONIUM CATIONIC CENTRA 
(i) unbranched types. 
(a) Functional group       -CH2CH2CH2NHR                                        (R = ethyl) 
 
Figure 4.3: Ball-and-stick- and spacefilling models of the ethylamine resin. 
Solvent extraction studies were performed using 0.001 M metal solutions.  The 
solvent extraction system could not be regarded as ideal due to the aqueous 
solubility of the cationic form in acid medium.  This is clearly reflected in the low 
phase transfer values of all the metals except iridium(III).  The latter again 
emphasizing the high affinity of the IrCl63- for the high charge density cationic site. 
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Table 4.4:  Results of solvent extraction studies using 0.001 M metal solutions with the 
precursor aminated with ethylamine. 
Metal ion [HCl] (M) Loading (%) 
PtCl42- 1 4 
 3 9 
 6 6 
Rhodium(III) 
species 
1 0 
 3 0 
 6 0 
IrCl63- 1 90 
 3 90 
 6 90 
Fe(III) species 1 34 
 3 35 
 6 40 
PdCl42- 1 0 
 3 2 
 6 3 
IrCl62- 1 21 
 3 4 
 6 0 
The results obtained for the resin in batch studies using 0.005 M metal solutions 
in 3 M hydrochloric acid give similar results than in the solvent extraction system 
excluding that of PtCl42-. 
Table 4.5:  Results obtained with ethylamine resin batch studies using 0.005 M metal 
solutions. 
Metal ion [HCl] (M) Loading (%) 
PtCl42- 1 100 
PtCl42- 3 93 
Rhodium(III) species 1 11 
 3 0 
IrCl63-  1 65 
 3 65 
IrCl62- 3 15 
PdCl42- 3 35 
4.4.3 MORE BULKY UNBRANCHED SPECIES (OCTYLAMINE) 
Functional group              -CH2CH2CH2NHR                                  (R = octyl) 
Structural types are represented in figure 4.4. 
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Figure 4.4:  Ball-and-stick- and spacefilling models for octylamine resin. 
4.5 SOLVENT EXTRACTION STUDIES 
These studies were performed with 0.001 M metal ion solutions in different 
molarities of HCl. 
Table 4.6: Solvent extraction studies with the precursor aminated with octylamine using 
0.001 M metal ion solutions in different molarities of HCl. 
Metal ion [HCl] (M) Loading (%) 
PtCl42- 1 99 
 3 98 
 6 98 
Rhodium(III) species 1 45 
 3 80 
 6 94 
IrCl63- 1 99 
 3 99 
 6 99 
Fe(III) species 1 34 
 3 37 
 6 37 
PdCl42- 1 94 
 3 86 
 6 74 
IrCl62- 1 99 
 3 99 
 6 98 
The results are graphically represented in figure 4.5. 
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Figure 4.5: Graphical representation of solvent extraction studies with the precursor 
aminated with octylamine using 0.001 M metal ion solutions in different 
molarities of HCl. 
It is clear that poor differentiation is achieved and that all percentage extractions 
are greatly increased which results in a levelling effect.  This cationic site, which 
still acts as a high charge density site, shows an increased affinity for the 
distortable anions due to the increased hydrophobicity but relatively low affinity 
for the FeCl4- which has the lowest charge density associated with low solvation.  
The analogous octylamine resin was synthesized in ethanol solution.  Its average 
chloride capacity was 0.53 mmol chloride per gram.  The loading values at 3 M 
HCl indicate that a greater spread of loading values is obtained in this case. 
Table 4.7:  Batch studies at 3 M HCl with the octylamine resin synthesized in ethanol 
solution. 
Metal ion [HCl] (M) Loading (%) 
PtCl42- 3 96 
IrCl63- 3 68 
IrCl62- 3 95 
PdCl42- 3 56 
4.5.1 BRANCHED SECONDARY AMINE RESINS (INTERMEDIATE 
CATIONIC SITES) 
The development of the intermediate cationic sites was a major project in this 
laboratory.  Preliminary success obtained by the application of 2-aminopropane 
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as a branched secondary resin led to a comprehensive study in which a great 
variety of related amines were studied to investigate the effect of increase in 
hydrophobicity and stereochemistry, also as branched alkyl groups, towards the 
success of their separating action of the contaminants mentioned in previous 
chapters.  In each case platinum loading capacity, separation potential and extent 
to which stripping is facilitated was considered.  All the amines studied in the total 
program are given in table 4.8.  The amines extensively studied in this report are 
printed in bold. 
Table 4.8:  All the amines used for amination of precursor  in the total program. 
Amine Molecular structure 
2-aminopropane 
H3C CH
CH3
NH2
 
2-aminobutane 
H3C
H2
C C
H
CH3
NH2
 
2-amino-3-methylbutane 
H3C
H
C C
H
CH3
NH2
CH3
 
2-aminopentane 
H3C
H2
C
H2
C C
H
CH3
NH2
 
2-amino-4-methylpentane 
H3C CH
H2
C C
H
CH3
NH2CH3
 
3-aminopentane 
H3C
H2
C C
H
H2
C CH3
NH2
 
2-aminohexane 
 
H3C
H2
C
H2
C
H2
C C
H
NH2
CH3
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Amine Molecular structure 
2-amino-5-methylhexane 
C
H
H3C
CH3
H2
C
H2
C C
H
CH3
NH2
 
1-amino-2-ethylhexane 
H2
CH3C
H2
C
H2
C C
H
H2
C
CH2
NH2
CH3
 
2-aminoheptane 
H2
CH3C
H2
C
H2
C
H2
C C
H
CH3
NH2
 
2-amino-6-methylheptane 
CHH3C
H2
C
H2
C
H2
C C
H
CH3
NH2CH3
 
2-aminooctane 
H2
CH3C
H2
C
H2
C
H2
C
H2
C C
H
NH2
CH3
 
4.5.2 2-AMINOBUTANE 
For this study the precursor aminated with 2-aminobutane was used. 
   
Figure 4.6:  Ball-and-stick and spacefilling models for the 2-aminobutane resin (oxygen 
atoms – red; nitrogen – blue). 
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Potentials, except those for iridium(IV), were 650 mV or lower.  The data found 
with solvent extraction studies using chloroform as solvent and 0.001 M metal 
solutions are given in table 4.9. 
Table 4.9:   The data found with solvent extraction studies with the precursor aminated 
with 2-aminobutane using chloroform as solvent and 0.001 M metal solutions. 
Metal ion [HCl] (M) Loading (%) 
PtCl42- 1 5 
 3 11 
 6 7 
Rhodium(III) species 1 0 
 3 0 
 6 0 
IrCl63- 1 90 
 3 90 
 6 90 
Fe(III) species 1 32 
 3 32 
 6 32 
PdCl42- 1 6 
 3 5 
 6 4 
IrCl62- 1 19 
 3 5 
 6 2 
The results compare well with those of the previous ethylamine situation in which the 
IrCl63- is particularly strongly associated.  The other chlorospecies are poorly 
extracted – this can again be related to the large aqueous solubility of the 
“extractant”.  The very strong ion pairing of the high charge density cation with the 
most distortable anion present viz. IrCl63-, is clear in light of its high loading (MCl63- 
species M = Rh, Ir is known to precipitate even in water with primary and secondary 
ammonium). 
4.5.2.1 2-aminobutane resin 
The results of batch studies obtained from the resin synthesized in ethanol 
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solution are given in table 4.10. 
Table 4.10:  The results of batch studies obtained from the 2-aminobutane resin 
synthesized in ethanol solution. 
Metal ion  [HCl] (M) Potential (mV) Loading (%) Stripping (%) 
PtCl42- 1 475 92 37  
 3 574 82 71  
 6 587 70 79  
Rhodium(III) 
species 
1 - 0 - 
 3 - 0 - 
 6 - 0 - 
IrCl63- 1 297 18 21 
 3 578 10 61 
 6 314 10 53 
Fe(III) species 1 553 31 36 
 3 515 31 39 
 6 470 49 17 
PdCl42- 1 - 84 10 
 3 - 92 91 
 6 - 94 76 
The average chloride capacity was 0.46 mmol chloride per gram resin.  The fact 
that iridium has higher loading than rhodium can be related to the IrCl63- species 
which needs to be equilibrated in an industrial situation.  The loading of the 
various metals at different HCl concentrations through the batch studies are 
graphically represented in figure 4.7. 
The above results of the resin indicates that this branched alkyl system is more 
successful in differentiating between platinum and the most important 
contaminants viz. rhodium(III) and iridium(III).  Even IrCl63- is not strongly loaded, 
suggesting that this active site behaves as an “intermediate cation”.  The rigidity 
of the resin limits the number of degrees of freedom of the site as compared to 
the solvent extraction system.  It must also be borne in mind that IrCl63- will be the 
most bulky anion present, which will experience stereochemical limitations 
associated with the resin structure more seriously than the other anions. 
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Figure 4.7:   The loading of various metals at different HCl concentrations through batch 
studies on the 2-aminobutane resin. 
The branched resin already achieves a broader spread of loading values.  It should 
be borne in mind that the palladium has already been removed in the industrial 
situation.  The relatively high loading of platinum in 1 M HCl as well as the relatively 
big difference in loading suggests that this concentration will suit best for loading.  
The lowering of the loading at higher HCl concentrations mainly due to the HCl effect 
suggests that stripping could be performed with 6 M HCl or higher. 
Column studies on the resin were performed only in the case of platinum and the 
results are given in table 4.11. 
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Table 4.11:  Column studies of platinum on 2-aminobutane resin. 
[HCl] (M) Column properties [PtCl42-] (M) Potential (mV) Pt capacity (g 
Pt/litre resin) 
Stripping (%) 
1 14 cm height 
1 cm diameter 
4.795 g resin 
2 ml/min flow rate 
0.0781 346 32.90 43.42 (10 bed vol 6 M HCl, 
cHCl and 1:2 70 °C Thiourea) 
3 14 cm height 
1 cm diameter 
4.863 g resin 
2 ml/min flow rate 
0.0781 496 17.24 34.95 (10 bed vol 6 M HCl, 
cHCl and 1:2 70 °C Thiourea) 
6 14 cm height 
1 cm diameter 
4.170 g resin 
2 ml/min flow rate 
0.1008 445 9.04 66.33 (10 bed vol 6 M HCl 
and cHCl) 
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The capacities for platinum in terms of grams platinum per litre resin are 
graphically represented in figure 4.8. 
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Figure 4.8:  The capacities for platinum in terms of grams platinum per litre. 
A relatively great decrease in platinum extraction is experienced with increase in 
HCl concentration, thus stripping with 6 M HCl will be recommended.  This 
phenomenon will be discussed later.  
4.6 STUDIES WITH THE 2-AMINOBUTANE RESIN USING DMF 
AS SOLVENT 
The synthetic procedure has been described in chapter 2.  The average chloride 
capacity was found to be 0.46 mmol chloride per gram resin.  The results obtained 
from batch studies using 0.005 M metal solutions are given in table 4.12. 
Table 4.12:  The results obtained from batch studies on 2-aminobutane resin prepared in 
dmf, using 0.005 M metal solutions. 
Metal ion [HCl] (M) Potential (mV) Loading (%) Stripping (%) 
PtCl42- 1 467 91 85  
 3 490 91 98  
 6 398 94 81  
Rhodium(III) 
species 
1 - 20 53  
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Metal ion [HCl] (M) Potential (mV) Loading (%) Stripping (%) 
 3 - 12 37  
 6 - 8 50  
IrCl63- 1 468 37 12  
 3 296 35 20  
 6 304 28 11  
Fe(III) species 1 473 51 16  
 3 476 59 3  
 6 462 7 100 
PdCl42- 1 - 74 100 
 3 - 87 69  
 6 - 87 83  
The resin has a good potential for the loading of platinum (90 + %).  Although palladium 
also loaded, it is only present in extremely low concentrations in the industrial feed 
solution.  The relatively high loading of iron(III) at 1 and 3 M HCl is somewhat 
surprising.  The graphical representation of the loading of the various metals in different 
HCl concentrations on the resin synthesized from 2-aminobutane is given in figure 4.9. 
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Figure 4.9: The graphical representation of the loading of the various metals in different 
HCl concentrations on the resin synthesized from 2-aminobutane. 
Column studies were performed to determine the platinum capacity at a number of 
HCl concentrations. 
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Table 4.13: Column studies on 2-aminobutane resin to determine the platinum capacity at a 
number of HCl concentrations. 
[HCl] (M) Potential (mV) Pt capacity (g 
Pt/litre resin) Stripping (%) 
1 486 32.09 - 
2 379 21.51 99 (10 bed vol 6 M HCl, cHCl and 
1:2 70  °C Thiourea) 
3 478 - 561 20.18 38 (10 bed vol 6 M HCl, cHCl and 
1:2 70  °C Thiourea) 
4 363 20.13 88 (10 bed vol 6 M HCl, cHCl and 
1:2 70  °C thiourea) 
5 391 16.07 95 (10 bed vol 6 M HCl, cHCl and 
1:2 70  °C thiourea) 
10 450 15.23 - 
The platinum capacity is only moderate.  It follows the same tendency in terms of 
the lowering of the loading of platinum with an increase in HCl concentration.  
Stripping is also not readily done. 
4.6.1 COLUMN STUDY USING A MIXTURE OF PLATINUM, RHODIUM 
AND IRIDIUM 
A mixture of 0.1 M Pt/0.00971 M Rh/0.002653 M iridium(III) solution, in 1 M HCl, 
was passed through the column. 
The metals were in the following ratios-Pt : Rh 11 : 1 and Pt : iridium(III) 36 : 1 ~ 
industrial feed.  The mass of the resin was 5.3820 g and the potential was 353 
mV.  The mixture was loaded on the column, the amounts of the metals in the 
effluent were determined and the capacity for each of the metals were as follows: 
27.64 g platinum/litre resin, 0.56 g rhodium/litre resin and 0.25 g iridium(III)/litre 
resin.  Stripping studies again proved to be difficult. 
4.6.1.1 Fraction studies 
Three different fraction studies were performed using 1, 3 and 6 M HCl medium 
respectively. 
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Pt/Rh/Ir 
1 M HCl 
A fraction study with a mixture of 0.08244 M Pt/0.00749 M Rh (1:11)/0.00229 M 
iridium(III) (1:36) in 1 M HCl. 
            Fraction 1 – 28              =                Loading 
 Fraction 29 – 34            =                Excess feed solution 
             Fraction 35 – 46            =                Washing with 1 M HCl 
        Fraction 47 – 63           =                Stripping with 15 ml 6 M HCl 
7.662 g resin was used at a potential of 373 mV. 
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Figure 4.10: Fraction study on 2-aminobutane with a platinum, rhodium and iridium(III) 
mixture in 1 M HCl. 
• The capacity from fraction 1 – 28 was 19.6 g platinum/litre. 
• Excess feed solution was used to ensure complete loading. 
• The diagram indicates that stripping with 6 M HCl is not really very 
satisfactory. 
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3 M HCl 
A fraction study with a mixture of 0.0907 M Pt/0.00825 M Rh (1:11)/0.002519 M 
iridium(III) (1:36) in 3 M HCl. 
            Fraction 1 – 19             =           Loading 
    Fraction 20 – 41           =           Excess feed solution 
       Fraction 42 – 58           =           Washing with 3 M HCl 
          Fraction 59 – 80           =           Stripping with 15 ml 6 M HCl 
5.971 g resin was used at a potential of 340 mV. 
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Figure 4.11:  Fraction study on 2-aminobutane with a mixture of platinum, rhodium and 
iridium(III) in 3 M HCl. 
• The capacity from fraction 1 – 19 was 19.54 g platinum/litre. 
• Excess feed solution was used to ensure complete loading. 
6 M HCl 
A fraction study with a mixture of 0.0829 M Pt/0.00754 M Rh (1:11)/ 0.002303 M 
iridium(III) (1:36) in 6 M HCl. 
                   Fraction 1 – 39                =           Loading 
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          Fraction 40 – 70              =           Washing with 6 M HCl 
             Fraction 71 – 89              =           Stripping with 15 ml 6 M HCl 
5.286 g resin was used at a potential of 382 mV. 
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Figure 4.12:  A fraction study on 2-aminobutane resin using a mixture of platinum, rhodium 
and iridium(III) in 6 M HCl. 
The capacity from fraction 1 – 16 was 16.5 g platinum/litre. 
4.7 STUDIES WITH THE 2-AMINO-3-METHYLBUTANE SPECIES 
This amine only differs in a further branching at C3.  The structure is given in 
figure 4.13. 
       
 
 
 
 
 
Figure 4.13:  Ball-and-stick-and spacefilling models for the 2-amino-3-methylbutane resin. 
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4.7.1 SOLVENT EXTRACTION STUDIES 
Table 4.14:  Solvent extraction studies with the precursor aminated with 2-amino-3-
methylbutane. 
Metal ion [HCl] (M) Potential (mV) Loading (%) 
PtCl42- 1 523 1 
 3 516 5 
 6 480 10 
Rhodium(III) species 1 - 0 
 3 - 0 
 6 - 0 
IrCl63- 1 320 6 
 3 323 5 
 6 337 6 
Fe(III) species 1 541 32 
 3 484 36 
 6 415 37 
IrCl62- 1 758 0 
 3 776 4 
 6 793 2 
PdCl42- 1 - 5 
 3 - 7 
 6 - 11 
All the metals have low loading in this case.  A very significant difference with the 
solvent extraction of the straight chain 2-aminobutane is that the IrCl63-, of which 
the extraction is high in the former, is drastically reduced in the case of the latter.  
This illustrates how the greater screening of your active center through branching, 
changes the cation type from relatively high charge density behaviour to that of 
low charge density behaviour.  It must be remembered that this amine will also still 
be fairly water soluble and thus extraction is limited. 
Resin 
The resin was prepared in dmf solution and the average chloride capacity is 0.7 
mmol chloride per gram. 
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The values obtained from batch studies in table 4.15 agree well with those of 2-
aminobutane. 
Table 4.15:  The values obtained from batch studies with the 2-amino-3-methylbutane resin. 
Metal ion [HCl] (M) Potential (mV) Loading (%) Stripping (%) 
PtCl42- 1 449 87 12  
 3 528 72 21  
 6 468 74 28  
Rhodium(III) 
species 
1 - 10 94  
 3 - 12 82  
 6 - 5 100 
IrCl63- 1 362 23 29  
 3 352 23 21  
 6 346 6 100 
IrCl62- 1 794 63 10  
 3 785 99 1  
 6 759 99 1  
PdCl42- 1 - 82 100 
 3 - 91 100 
 6 - 93 83  
In contrast to the solvent extraction, it is again found that the resin has much higher 
percentage extraction values when compared to those obtained from solvent 
extraction.  This is a general phenomenon which can be accounted to the fact that the 
requirement of dehydration for phase transfer to the hydrophobic organic phase in the 
case of solvent extraction is more demanding than in the case of the resin which is in 
closer contact with the water and thus may require only partial dehydration. 
A column study was used to determine its platinum capacity at 1 M HCl 
concentration, and is given in table 4.16. 
Table 4.16:  A column study on 2-amino-3-methylbutane resin to determine its platinum 
capacity at 1 M HCl concentration. 
[HCl] (M) Mass resin in column (g) Potential (mV) 
Pt capacity (g 
Pt/litre resin) Stripping (%) 
1 6.459 400 36.3 100 (5 bed vol 0.1 M 
HClO4 and 10 bed vol 
cHCl 
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4.8 STUDIES USING AMINOHEXANE DERIVATIVES 
These different variations of aminohexane have been studied but only in the form 
of solvent extraction. 
4.8.1.1 2-Aminohexane 
Solvent extraction studies were performed using 0.001 M metal solutions.  The 
results of solvent extraction studies performed with this derivative are found in 
table 4.17 and are graphically represented in figure 4.14. 
Table 4.17:  Solvent extraction studies with the precursor aminated with 2-aminohexane. 
Metal ion [HCl] (M) Potential (mV) Loading (%) 
PtCl42- 1 494 2 
 3 503 5 
 6 487 7 
Rhodium(III) species 1 - 0 
 3 - 0 
 6 - 0 
IrCl63- 1 355 2 
 3 373 7 
 6 375 0 
Fe(III) species 1 575 33 
 3 537 29 
 6 468 40 
PdCl42- 1 - 14 
 3 - 13 
 6 - 10 
IrCl62- 1 755 0 
 3 749 0 
 6 739 2 
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Figure 4.14:   Graphical representation of solvent extraction studies with the precursor 
aminated with 2-aminohexane. 
The extractions are still quite low as in the previous solvent extraction cases of 
amines having a relatively small number of carbons.  In this case even iridium(III) 
is also low.  This could be interpreted in terms of the increasing hydrophobicity 
with the longer chain alkyl group, which renders the phase transfer of strongly 
solvated species more difficult. 
4.8.2 1-AMINO-2-ETHYLHEXANE 
Structural types are represented in figure 4.15. 
  
 
 
 
 
 
 
 
 
Figure 4.15:  Ball-and-stick- and spacefilling models of the 1-amino-2-ethylhexane resin. 
The results of solvent extraction studies are given in table 4.18. 
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Table 4.18: Solvent extraction studies with the precursor aminated with 1-amino-2-
ethylhexane. 
Metal ion [HCl] (M) Potential (mV) Loading (%) 
PtCl42- 1 577 95 
 3 566 90 
 6 503 88 
Rhodium(III) species 1 - 9 
 3 - 64 
 6 - 77 
IrCl63- 1 332 48 
 3 351 63 
 6 477 55 
Fe(III) species 1 535 28 
 3 522 0 
 6 442 40 
PdCl42- 1 - 85 
 3 - 84 
 6 - 70 
IrCl62- 1 729 85 
 3 767 93 
 6 733 87 
When this active centre is compared to that of 2-aminohexane, it is clear that the 
screening of the cationic centre is less since substitution (branching) is only at 
carbon 2 in stead of branching on carbon 1, thus making the 1-amino species a 
higher charge density nature with resulting lack of differentiation.  This is reflected 
in its relatively greater extraction of the higher charge density anions, namely 
IrCl63-, and RhCl5(H2O)2- and even the relatively distortable PtCl42-.  This again is 
an illustration of how the nature of the cationic site can be changed by the lesser 
or more screening.  Furthermore, the addition of an ethyl group increases the 
hydrophobicity of 1-amino-2-ethylhexane as compared to 2-aminohexane. 
-NH-CH2-CH-(CH2)3CH3
CH2CH3
-NH-CH-(CH2)3CH3
CH3
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Resin 
The resin has been prepared using dmf as solvent.  Its capacity for chloride was 
found to be 0.6 mmol per gram.  A column study using 1 M HCl gave its platinum 
capacity as only 17.0 grams per litre whereas batch studies with 0.005 M 
performed with platinum solutions in 1 and 3 M hydrochloric acid and a potential of 
720 mV gave virtually 100% loading.  The stripping however, even with thiourea, 
was low since only 2 to 3 % of the platinum could be stripped.  This resin is thus a 
case in which branching could increase the hydrophobicity, resulting in a high 
affinity for the platinum but at the same time low capacity.  Branching at carbon 2 
does not lead to great selectivity.  This again illustrates that for the successful 
creation of an intermediate cationic site, branching is required on the carbon one. 
4.9 STUDIES WITH 2-AMINOOCTANE 
This particular amine was studied as a prototype of an extended “straight chain” 
amine.  This was done to investigate the influence of increased hydrophobicity. 
The results of the solvent extraction studies are presented in table 4.19. 
Table 4.19:  Results of the solvent extraction studies with the precursor aminated with 2-
aminooctane. 
Metal ion [HCl] (M) Potential (mV) Loading (%) 
PtCl42- 1 472 89 
 3 469 93 
 6 434 91 
Rhodium(III) 
species 1 - 7 
 3 - 63 
 6 - 83 
IrCl63- 1 401 36 
 3 407 75 
 6 437 56 
Fe(III) species 1 524 37 
 3 503 36 
 6 458 51 
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Metal ion [HCl] (M) Potential (mV) Loading (%) 
PdCl42- 1 - 90 
 3 - 82 
 6 - 51 
IrCl62- 1 781 88 
 3 819 93 
 6 712 87 
The increased hydrophobicity is reflected in the general increase in extractions of 
most of the anionic species.  Of particular interest is the increased extraction of 
rhodium with increase in HCl concentration.  This can be explained in terms of the 
increase in hydrophobicity in relation to the increase of the chloroanionic species 
of rhodium with increase in HCl concentration – see species distribution curves in 
chapter 1.  In the case of iridium(III), i.e. IrCl63-, there is also an increase, at 6 M 
HCl however there is an indication of an increased HCl effect.  These results are 
not suitable for separation due to the low selectivity. 
4.9.1 THE 2-AMINOOCTANE RESIN (ETHANOL) 
The results for the resin synthesized in ethanol are given in table 4.20. 
Table 4.20:  The results for the 2-aminooctane resin synthesized in ethanol. 
Metal ion [HCl] (M) Potential (mV) Loading (%) Stripping (%) 
PtCl42- 1 498 - 513 90 75 
 3 481 - 1045 72 77 
 6 435 - 498 48 100 
Rhodium(III) species 1 - 0 - 
 3 - 0 - 
 6 - 0 - 
IrCl63- 1 397 29 - 
 3 340 - 436 27 25 
 6 622 0 - 
Fe(III) species 1 567 0 - 
 3 506 4 100 
 6 594 83 70 
PdCl42- 1 - 62 100 
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Metal ion [HCl] (M) Potential (mV) Loading (%) Stripping (%) 
 3 - 20 100 
 6 - 0 - 
IrCl62- 1 828 0 - 
 3 - 24 - 
 6 - 60 11 
The average chloride capacity was 0.48 mmol chloride per gram.  The results are 
graphically represented in figure 4.16. 
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Figure 4.16  The graphical representation of the results for the 2-aminooctane resin 
synthesized in ethanol. 
The resin has suitable properties for the selective extraction of platinum.  The 
extraction of all the contaminants are low at 1 M HCl concentration, except that of 
iridium(III).  It must be borne in mind that the IrCl63- when equilibrated in 1 M HCl, 
will behave similar to that of rhodium, due to the presence of the aquo-
chlorospecies.  Column studies performed with this resin gave the results 
compiled underneath in table 4.21. 
Table 4.21:  Results of column studies performed using PtCl42- with the 2-aminooctane 
resin synthesized in ethanol. 
[HCl] (M) Mass resin in 
column (g) 
Potential (mV) Pt capacity (g 
Pt/litre resin) 
Stripping (%) 
1 4.154 562 - 588 10.97 89 (10 bed vol 6 M 
HCl, cHCl and 1:2 70 
 °C Thiourea) 
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[HCl] (M) Mass resin in 
column (g) 
Potential (mV) Pt capacity (g 
Pt/litre resin) 
Stripping (%) 
3 7.840 285 - 585 10 91 95 (10 bed vol 6 M 
HCl, cHCl and 1:2 70 
 °C Thiourea) 
6 5.268 595 10.61 100 (10 bed vol 6 M 
HCl and cHCl) 
The capacities proved to be unsatisfactorily low, in the vicinity of 10 g platinum per 
litre. 
4.9.1.1 2-aminooctane resin (dmf) 
The average chloride capacity was 0.59 mmol chloride per gram.  Results of batch 
studies are given in table 4.22. 
Table 4.22:  Results of batch studies with 2-aminooctane resin synthesized in dmf. 
Metal ion [HCl] (M) Potential (mV) Loading (%) Stripping (%) 
PtCl42- 1 445 98 4 
 3 522 84 22 
 6 470 70 19 
Rhodium(III) 
species 
1 - 26 38 
 3 - 17 52 
 6 - 3 100 
IrCl63- 1 512 15 30 
 3 390 - 459 17 29 
 6 366 17 32 
Fe(III) species 1 649 38 17 
 3 769 55 21 
 6 552 89 28 
PdCl42- 1 - 100 71 
 3 - 100 66 
 6 - 100 53 
IrCl62- 1 820 59 15 
 3 935 20 30 
 6 752 11 41 
The results are graphically represented in figure 4.17. 
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Figure 4.17:  Graphical representation of results of batch studies with 2-aminooctane resin 
synthesized in dmf. 
4.10 COLUMN STUDIES 
Column studies were performed using a 1:1 ratio of mole resin to mole platinum.  
This was done to determine the platinum capacity.  The behaviour of the capacity 
as a function of HCl again corresponds with those of earlier resins, namely 
reduction in the loading of platinum with increasing HCl. 
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Table 4.23:  Column studies on 2-aminooctane resin synthesized in dmf using a 1:1 ratio of mole resin to mole platinum to determine the 
platinum capacity. 
[HCl] (M) Mass resin in 
column (g) 
[PtCl42-] (M) Potential (mV) Pt capacity (g 
Pt/litre resin) 
Stripping (%) 
1 3.524 0.1302 409 39.46 100 (10 bed vol 6 M HCl, cHCl and 1:2 70 
 °C Thiourea) 
2 3.633 0.1588 389 33.96 100 (10 bed vol 6 M HCl, cHCl and 1:2 70 
 °C Thiourea) 
3 3.564 0.1556 409 33.10 100 (10 bed vol 6 M HCl, cHCl and 1:2 70 
 °C Thiourea) 
4 3.770 0.1544 408 33.18 100 (10bed vol 6 M HCl, cHCl and 1:2 
70 °C Thiourea) 
5 3.744 0.1639 421 32.89  100 (10bed vol 6 M HCl, cHCl and 1:2 
70 °C Thiourea) 
6 3.675 0.1608 444 27.68 100 (10bed vol 6 M HCl, cHCl and 1:2 
70 °C Thiourea) 
10 3.558 0.1559 441 25.160 100 (10bed vol 6 M HCl, cHCl and 1:2 
70 °C Thiourea) 
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Fraction studies with a rhodium/iridium/platinum mixture performed in 1, 3 and 6 M 
HCl respectively, using a 1:1 ratio of mole resin to mole platinum, produced fairly 
sharp breakthrough curves for platinum and indicates that rhodium and iridium are 
replaced on the resin by the platinum. 
1 M HCl 
(i) A fraction study with a mixture of 0.0904 M Pt/0.00822 M Rh (1:11)/ 0.002511 
M iridium(III) (1:36) in 1 M HCl. 
        Fraction 1 – 55                =            Loading 
                  Fraction 56 – 71              =            Washing with 1 M HCl 
                      Fraction 72 – 104            =            Stripping with 15 ml 6 M HCl 
5.503 g resin was used at a potential of 332 mV. 
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Figure 4.18: A fraction study on 2-aminooctane resin prepared in dmf using a mixture of 
platinum, rhodium and iridium in 1 M HCl at 332 mV.  
(ii) A fraction study with a mixture of 0.1106 M Pt/ 0.01005 M Rh (1:11)/ 0.003072 
M iridium(III) (1:36) in 1 M HCl. 
                      Fraction 1- 57                    =                Loading 
                       Fraction 58 – 82                =                Washing with 1 M HCl 
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                     Fraction 83 – 119              =                Stripping with 15 ml 6 M HCl 
7.450 g resin was used at a potential of 355 mV. 
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Figure 4.19:  A fraction study on 2-aminooctane resin prepared in dmf using a platinum, 
rhodium and iridium mixture in 1 M HCl at 355 mV.  
3 M HCl 
A fraction study with a mixture of 0.0707 M Pt/ 0.00643 M Rh (1:11)/ 0.001964 M 
iridium(III) (1:36) in 3 M HCl. 
               Fraction 1 – 49               =                 Loading 
                      Fraction 50 – 62             =                 Washing with 3 M HCl 
                          Fraction 63 – 93             =                 Stripping with 15 ml 6 M HCl 
4.926 g resin was used at a potential of 353 mV. 
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Figure 4.20:  A fraction study on 2-aminooctane resin prepared in dmf using a mixture of 
platinum, iridium and rhodium in 3 M HCl. 
6 M HCl 
A fraction study with a mixture of 0.1262 M Pt/ 0.01147 M Rh (1:11)/ 0.003506 M 
iridium(III) (1:36) in 6 M HCl. 
                  Fractions 1 – 58              =                 Loading 
             Fractions 59 – 74            =                 Washing with 6 M HCl 
              Fractions 75 – 113          =                 Stripping with 15 ml 6 M HCl 
4.487 g resin was used at a potential of 702 mV. 
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Figure 4.21:  A fraction study on 2-aminooctane resin prepared in dmf using a mixture of 
platinum, rhodium and iridium in 6 M HCl. 
4.11 STUDIES PERFORMED ON FEED SOLUTIONS 
Studies on the industrial feed solution at three different HCl concentrations were 
performed on most of the resins synthesized.  Unfortunately the feed solutions 
were not always ideal, since they were supposed to contain very little palladium 
and gold which was not always the case –  these should have been properly 
removed in the earlier stages.  In spite of this, some useful data could be obtained. 
4.11.1 RESULTS OF THE 2-AMINOBUTANE RESIN 
4.11.1.1 Column studies with the feed solution 
The results for this resin using the mole ratio of resin to platinum 1:1 are given in 
tables 4.24, 4.25 and 4.26. 
Table 4.24:  The results of column studies with the feed solution on 2-aminobutane resin 
using the mole ratio of resin to platinum 1:1 at 1 M HCl and 653 mV. 
Metal Loading (g/L) Stripping 6 M HCl (%) 
Stripping cHCl 
+ Thiourea (%) 
Total Stripping 
(%) 
Pt 16.75 71.51 14.99 86.50 
Pd 5.45 1.24 5.32 6.56 
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Metal Loading (g/L) Stripping 6 M HCl (%) 
Stripping cHCl 
+ Thiourea (%) 
Total Stripping 
(%) 
Rh 1.02 33.44 3.39 36.83 
Ir 0.70 47.20 7.71 54.90 
Au 8.03 1.80 1.94 3.74 
Ru 2.43 69.12 10.68 79.80 
Re 0.09 0.00 0.00 0.00 
Fe 0.86 18.38 1.01 19.39 
Cu 0.47 6.42 1.77 8.19 
Zn 1.62 1.05 1.45 2.50 
Pb 1.10 13.47 2.52 15.99 
  
 
Table 4.25:  The results of column studies with the feed solution on 2-aminobutane resin 
using the mole ratio of resin to platinum 1:1 at 3 M HCl and 652 mV. 
Metal Loading (g/L) 
Stripping 6 
M HCl (%) 
Stripping 
cHCl (%) 
Stripping 
Thiourea 
(%) 
Total 
Stripping 
(%) 
Pt 21.95 83.90 6.24 4.24 94.38 
Pd 0.91 5.18 5.17 14.44 24.79 
Rh 1.80 57.35 1.77 1.50 60.62 
Ir 0.52 80.95 4.76 4.40 90.11 
Au 1.47 3.46 3.19 7.73 14.38 
Ru 2.36 70.43 2.12 1.49 74.04 
Re 0.00 - - - - 
Fe 0.00 - - - - 
Cu 0.32 64.83 3.75 3.44 72.02 
Zn 0.24 13.02 8.83 7.39 29.24 
Pb 0.43 41.79 2.65 2.39 46.83 
 
 
Table 4.26:  The results of column studies with the feed solution on 2-aminobutane resin 
using the mole ratio of resin to platinum 1:1 at 6 M HCl and 631 mV. 
Metal Loading (g/L) 
Stripping 6 
M HCl (%) 
Stripping 
cHCl (%) 
Thiourea 
(%) 
Total 
Stripping 
(%) 
Pt 13.50 77.37 0.35 1.83 79.55 
Pd 0.23 4.05 3.9 17.05 25.00 
Rh 0.02 100 / / 100 
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Metal Loading (g/L) 
Stripping 6 
M HCl (%) 
Stripping 
cHCl (%) 
Thiourea 
(%) 
Total 
Stripping 
(%) 
Ir 0.12 100 / / 100 
Au 1.24 4.79 4.40 6.46 15.65 
Ru 0.10 100 / / 100 
Re 0.14 4.33 4.32 4.45 13.10 
Fe 0 / / / / 
Cu 0.24 51.25 6.50 6.29 64.04 
Zn 1.27 2.01 3.77 2.12 7.90 
Pb 0.19 34.67 5.60 5.22 45.49 
It must be borne in mind that the loading of the platinum was lowered by the 
presence of gold which loads preferentially. 
Column studies with the feed solution were also done with the mole ratio of resin 
to platinum 1:2. 
Table 4.27:  The results of column studies with the feed solution on 2-aminobutane resin 
using the mole ratio of resin to platinum 1:2 at 1 M HCl and 650 mV. 
Metal Loading (g/L) 
Stripping 6 
M HCl (%) 
Stripping 
cHCl (%) 
Thiourea 
(%) 
Total 
Stripping 
(%) 
Pt 10.24 100 - - 100 
Pd 2.30 0.83 1.63 1.80 4.26 
Rh 0.45 100 - - 100 
Ir 0.77 54.75 7.94 2.63 65.32 
Au 6.55 0.99 0.94 1.40 3.33 
Ru 0.11 100 - - 100 
Re 0.27 1.02 1.01 1.00 3.03 
Fe 1.15 40.21 5.41 3.32 48.94 
Cu 0.00 - - - - 
Zn 0.30 0.92 1.92 1.29 4.13 
Pb 0.80 25.17 4.31 1.66 31.14 
Platinum capacity via stripping studies = 17.08 g platinum per litre. 
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Table 4.28:  The results of column studies with the feed solution on 2-aminobutane resin 
using the mole ratio of resin to platinum 1:2 at 3 M HCl and 642 mV. 
Metal Loading 
(g/L) 
Stripping 6 
M HCl (%) 
Stripping 
cHCl (%) 
Stripping 
Thiourea 
(%) 
Total 
Stripping 
(%) 
Pt 24.07 64.10 8.03 2.37 74.50 
Pd 2.67 0.98 0.90 4.60 6.48 
Rh 1.11 100 - - 100 
Ir 1.05 41.46 2.86 1.17 45.49 
Au 9.94 0.91 0.76 1.80 3.47 
Ru 1.53 100 - - 100 
Re 0.25 1.71 1.67 1.66 5.04 
Fe 2.24 41.98 2.83 1.16 45.97 
Cu 0.64 41.82 2.65 1.08 45.55 
Zn 0.38 1.68 1.35 1.40 4.43 
Pb 0.81 22.61 2.25 1.42 26.28 
 
 
Table 4.29:  The results of column studies with the feed solution on 2-aminobutane resin 
using the mole ratio of resin to platinum 1:2 at 6 M HCl and 644 mV. 
Metal Conc Metal (M) 
Loading 
(g/L) 
Stripping 
6 M HCl 
(%) 
Stripping 
cHCl (%) 
Thiourea 
(%) 
Total 
Stripping 
(%) 
Pt 0.1437 8.09 100 - - 100 
Pd 0.001214 0.36 4.52 4.48 9.46 18.46 
Rh 0.04725 1.40 100 - - 100 
Ir 0.00796 0.47 100 - - 100 
Au 0.002574 1.41 4.25 4.06 47.25 55.56 
Ru 0.004044 0.00 - - - - 
Re 0.0001818 0.06 6.85 6.84 6.81 20.50 
Fe 0.000654 0.00 - - - - 
Cu 0.1575 0.00 - - - - 
Zn 0.0008954 0.15 4.74 3.98 6.72 15.44 
Pb 0.001013 0.00 - - - - 
Platinum capacity via stripping = 23.65 g platinum per litre. 
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4.12 STUDIES WITH 2-AMINOOCTANE 
The data for this resin using the mole ratio of resin to platinum 1:1 are given in 
tables 4.30, 4.31 and 4.32 for 1, 3 and 6 M HCl respectively. 
Table 4.30:  The results of column studies with the feed solution on 2-aminooctane resin 
using the mole ratio of resin to platinum 1:1 at 1 M HCl and 661 mV. 
Metal Loading (g/L) 
Stripping 6 
M HCl (%) 
Stripping 
cHCl (%) 
Stripping 
Thiourea 
(%) 
Total 
Stripping 
(%) 
Pt 25.83 84.00 10.48 5.52 100.00 
Pd 0.56 0.12 0.00 20.87 22.64 
Rh 1.10 47.05 1.65 1.03 49.73 
Ir 1.06 50.38 1.61 1.23 53.22 
Au 6.91 2.31 0.46 0.95 3.72 
Ru 2.22 1.29 1.84 1.11 4.24 
Re 0.24 1.09 1.02 1.02 3.13 
Fe 0 - - - - 
Cu 0.47 16.62 0.33 0.36 17.31 
Zn 1.62 0.89 0.50 0.16 1.55 
Pb 1.10 17.97 1.15 0.89 20.01 
The platinum capacity obtained via stripping at 1 M HCl was 28 g platinum per 
litre. 
Table 4.31:  The results of column studies with the feed solution on 2-aminooctane resin 
using the mole ratio of resin to platinum 1:1 at 3 M HCl and 652 mV. 
Metal 
 
Loading 
(g/L) 
Stripping 6 
M HCl (%) 
Stripping 
cHCl (%) 
Stripping 
Thiourea 
(%) 
Total 
Stripping 
(%) 
Pt 25.00 71.88 13.47 9.98 95.33 
Pd 0.87 2.66 0.82 30.09 33.57 
Rh 1.10 92.64 4.90 1.58 99.12 
Ir 0.57 100.00 - - 100.00 
Au 2.14 3.03 2.78 10.68 16.49 
Ru 1.48 99.32 0.68 - 100.00 
Re 0.18 4.23 4.06 4.02 12.31 
Fe 0 - - - - 
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Metal 
 
Loading 
(g/L) 
Stripping 6 
M HCl (%) 
Stripping 
cHCl (%) 
Stripping 
Thiourea 
(%) 
Total 
Stripping 
(%) 
Cu 0.17 100.00 - - 100.00 
Zn 0.65 20.21 2.53 0.69 23.43 
Pb 0.59 63.98 4.79 2.50 71.27 
 
Table 4.32:  The results of column studies with the feed solution on 2-aminooctane resin 
using the mole ratio of resin to platinum 1:1 at 6 M HCl and 702 mV. 
Metal Loading 
(g/L) 
Stripping 6 
M HCl (%) 
Stripping 
cHCl (%) 
Stripping 
Thiourea 
(%) 
Total 
Stripping 
(%) 
Pt 24.49 65.81 12.77 11.57 90.15 
Pd 0.72 2.25 2.01 13.17 17.43 
Rh 1.31 13.99 3.75 0.98 18.72 
Ir 0.61 9.20 4.13 2.19 15.52 
Au 4.35 1.89 1.63 2.91 6.43 
Ru 1.77 13.74 6.15 1.79 21.68 
Re 0.16 4.10 4.06 4.02 12.18 
Fe 5.33 68.30 7.58 24.12 100.00 
Cu 0.44 100.00 - - 100.00 
Zn 0.40 4.88 6.53 6.74 18.15 
Pb 0.31 82.93 3.60 3.09 89.62 
A column study was done with platinum alone to determine the platinum capacity 
using the mole ratio of resin to platinum 1:2.  The platinum concentration was 
0.4025 M, in 1 M HCl.  The resin was stripped with 5 bed volumes of 6 M HCl. 
Column Description:   10 cm height 
                                      2 ml/min flow rate 
                                    7.11 g resin 
                                      600 mV 
                                     1 cm diameter 
Platinum loaded 43.19 g platinum per litre. 
5 bed volumes of 6 M HCl stripped 78.24% of the platinum. 
The following column studies with the feed solution were done with a mole ratio of 
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resin to platinum of 1:2. 
Table 4.33:  The results of column studies with the feed solution on 2-aminooctane resin 
using a mole ratio of resin to platinum of 1:2 at 1 M HCl and 642 mV. 
Metal 
 
Loading 
(g/L) 
Stripping 6 
M HCl (%) 
Stripping 
cHCl (%) 
Stripping 
Thiourea 
(%) 
Total 
Stripping 
(%) 
Pt 18.27 78.22 21.78 - 100.00 
Pd 0.82 1.05 0.99 1.22 3.26 
Rh 0 - - - - 
Ir 0.72 54.09 5.94 1.73 61.76 
Au 3.58 1.56 1.34 1.37 4.27 
Ru 0.53 100 - - 100.00 
Re 0.37 1.37 1.37 1.36 4.10 
Fe 0 - - - - 
Cu 0 - - - - 
Zn 0.68 1.75 1.21 1.79 4.75 
Pb 0.43 44.80 5.56 2.21 52.57 
Platinum capacity via stripping = 24.03 g platinum per litre.  This is again lower 
because of the loading of the gold which was supposed to be absent. 
Table 4.34:  The results of column studies with the feed solution on 2-aminooctane resin 
using a mole ratio of resin to platinum of 1:2 at 3 M HCl and 649 mV. 
Metal Loading (g/L) 
Stripping 6 
M HCl (%) 
Stripping 
cHCl (%) 
Stripping 
Thiourea 
(%) 
Total 
Stripping 
(%) 
Pt 43.83 61.04 13.42 9.26 83.69 
Pd 1.13 5.87 3.44 18.92 28.23 
Rh 2.97 64.11 1.33 0.27 66.14 
Ir 1.60 50.02 1.31 0.48 51.81 
Au 4.51 3.38 1.62 4.97 9.97 
Ru 2.84 92.63 3.09 0.50 96.22 
Re 0.57 1.09 0.97 0.93 2.99 
Fe 0 - - - - 
Cu 0 - - - - 
Zn 1.63 7.20 1.72 4.64 13.56 
Pb 0.60 59.35 1.34 0.27 60.96 
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Table 4.35:  The results of column studies with the feed solution on 2-aminooctane resin 
using a mole ratio of resin to platinum of 1:2 at 6 M HCl and 638 mV. 
Metal Loading (g/L) 
Stripping 6 
M HCl (%) 
Stripping 
cHCl (%) 
Stripping 
Thiourea 
(%) 
Total 
Stripping 
(%) 
Pt 25.11 84.23 14.77 1.00 100 
Pd 1.23 5.08 2.99 15.22 23.29 
Rh 1.38 100 - - 100 
Ir 0 - - - - 
Au 2.00 7.87 4.25 11.65 23.77 
Ru 0.89 100 - - 100 
Re 0.25 5.46 5.15 5.09 15.70 
Fe 5.97 55.04 8.64 27.72 91.4 
Cu 0.21 100 - - 100 
Zn 2.10 2.94 4.98 29.83 37.75 
Pb 0.60 56.06 1.34 1.98 59.38 
The platinum capacity obtained via stripping was 27.42 g platinum per litre. 
The important results in this chapter will be discussed in the following chapter. 
The loading studies with industrial feed solutions all show relative satisfactory Pt 
specificity.  The data can be used to decide on the best conditions depending on 
industrial requirements.  
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CHAPTER 5:   
SUMMARY AND DISCUSSION 
5.1 DISTORTABILITY; RD; SOFTNESS; AND HYDROPHOBICITY  
In Chapter 3 (figure 3.1 and 3.2) the linear relationship between distortability and 
softness were illustrated for both cations and anions.  Distortability is also linearly 
related to the number of C atoms in an organic amine59 (See figure 5.1).  
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Figure 5.1:  R vs number of carbons for primary, secondary, tertiary and branched amines. 
This is also virtually independent whether the amine is primary, secondary or 
tertiary.  Increase in the number of carbon groups, for example in the form of 
CH2’s, will also lead to an increase in hydrophobicity, of which the relationship to 
distortability can be assumed to be approximately linear.  In this study, the accent 
was on the development of cationic sites which will be Platinum specific, i.e. it 
should bond PtCl42- and PtCl62- strongly and contaminants having higher charge 
densities (IrCl63-, RhCl63-) or lower charge densities (FeCl4-), poorly.  It can be 
expected that the behaviour of a cationic species as a phase transfer agent will be 
related to its hydrophobicity, although this is only one important parameter in 
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promoting dehydration. 
The dramatic increase in the extraction values with increase in hydrophobicity is 
illustrated by the data obtained for the unbranched secondary ammonium cations 
in the ethylamine resin (table 4.5) as compared to those of the octylamine resin 
(table 4.7).  The charge distribution nature of the cation however will also play a 
role in the relative preference for the type of anion preferably extracted. 
5.2 STEREOCHEMISTRY EFFECT 
The results clearly illustrated how the nature of the cation can be altered by 
stereochemical effects.  This is illustrated by the results obtained from the cationic 
ethylamine resin (table 4.5) and those of the 2-aminobutane (table 4.10). 
            
In 1 M hydrochloric acid solution, 100% of platinum(II) is extracted, 11% of 
rhodium(III) and 65% of IrCl63- as compared to the extraction values of 92% of 
platinum(II), 0% of rhodium(III) and 18% of IrCl63- for the latter, thus clearly 
illustrating the difference in behaviour between a high charge density cation and 
an intermediate cation.  (The latter rejecting high charge density anions).   
The result of even further branching close to the cationic site in 2-amino-3-
methylbutane shows how the properties of the cationic charge changes to one of 
low charge density, in which case only the anion with the lowest charge density 
viz. FeCl4- extracts (table 4.14) in the case of solvent extraction and low loading of 
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rhodium(III) and IrCl63- species (i.e. high charge density) in the case of the resin 
(table 4.15).  Thus, selectivity can be achieved by combining the effects of 
hydrophobicity and stereochemistry of the active cationic site.  An important 
difference between solvent extraction and the resin containing the same active 
centre is the more degrees of freedom in the solvent extraction situation.  In many 
of the complex anions the solvent extraction mode reflects relatively high charge 
density behaviour of the 2-aminoalkane species whereas the resin analogue with 
its greater rigidity and compactness shows intermediate cation behaviour.  
5.2.1 THE PHYSICAL NATURE OF RESINS 
Since the resins were synthesized in two different ways with respect to the solvent 
systems utilized, there are significant differences in their physical properties.  This 
is clearly illustrated in terms of differences in specific gravity.  See figure 5.2. 
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Figure 5.2:  A plot of the specific gravity of each of the two types of resins against number 
of carbon atoms in the 2-aminoalkanes employed. 
The densities of resins indicate that the dmf resins are significantly more compact 
than their alcohol analogues.  The reason for this must lie in differences between 
the solvents, since the one is an aprotic solvent (dmf) and the other a protic 
solvent (alcohol).  The latter solvent can be expected to solvate the partial 
negative charges on the amine nitrogen and oxygen atoms of the silica framework 
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more strongly through the interaction of the fractional positive charge on the 
hydrogen atoms of its hydroxyl groups. 
The specific gravity of the resins prepared in dmf (dmf resins) is almost constant 
from the 2-aminopropane to the 2-aminooctane resins (figure 5.2) (average 
0.693).  In the case of the alcohol resins the specific gravities are significantly less 
and also approximately constant except perhaps for the smallest amine viz. 2-
aminopropane.  The average density in this case is 0.49.  The ratio of the two 
averages is 1.40, suggesting that the dmf resins have an increased compactness 
factor of 1.4 on average. 
5.2.2 RESIN DENSITIES AND CAPACITIES 
Resins prepared in dmf solution have in general a relatively large preference for 
Cl- over PtCl42-.  Capacities in mmol/10ml for PtCl42- are either equal or larger than 
those for the alcohol resin in terms of the volume of the resin (see figure 5.3). 
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Figure 5.3: Capacities for the various 2-aminoalkane resins in mmol/10ml 
When the capacities are plotted in terms of mmol/g, then the differences in 
capacities between the two resins are much smaller and in two instances are the 
alcohol resins bigger than the dmf resins (see figure 5.4). 
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Figure 5.4:  Capacities in mmol/g for the various 2-aminoalkane resins. 
The 2-Aminooctane resin made in alcohol appears to be abnormal.  It is unlikely to 
be an experimental error since capacities were determined in at least duplicate.   
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Figure 5.5:  Mole ratios of capacities of chloride to platinum (mmol/g resin) for some 2-
aminoalkane resins. 
Some of the differences between the two resin types can be interpreted in terms of 
their relative densities (see figure 5.2).  The heavier dmf resins (except that of 2-
aminooctane) are more compact (see figure 5.2).  This apparently allows for 
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higher relative loading of the smaller Cl- (thermal radius 1.72 Å) than the much 
bulkier PtCl42- (thermal radius 3.13 Å).  In figure 5.5, the mole ratios of the 
capacities (mmol/g resin) of chloride over platinum are plotted for some 2-
aminoalkane resins illustrating this effect.  The lighter less compact alcohol resins 
have relatively high loading of PtCl42- as compared to that of Cl-.  It can be 
expected to be more spacious between the cationic centres. 
The ratios between mmol’s Cl- and PtCl42- for the 2-aminoalkane alcohol resins 
(group B) are lower than two.  Judging from their relative charges it could be expected 
that the ratios should theoretically be 2: 1.  This seems to suggest that part of the 
platinum(II) loads as HPtCl4-, thus resulting in high site efficiencies.  The dmf resins 
on the other hand have higher ratios than those of the alcohol resins.  See figure 5.5.  
Thus resulting in their lower relative efficiency for platinum. When the ratios for the 
dmf resins (group B) are investigated, the lowest is found in the case of the smallest 
2-aminoalkane resin.  The ratios increase with bulk of alkane.  This could be because 
of the lesser stereochemical crowding of the alkyl component in the already compact 
dmf resin in the case of propane.  The high ratios obtained for the resins in group A, 
primary amine and unscreened secondary, are because of the high charge density of 
the cationic sites. 
Similarly high values are found for the greater screened resins of group C.  In 
these cases the cationic site changes from intermediate cation to low charge 
density cation. 
5.2.3 EFFECT OF DIFFERENT SOLVENTS: 
5.2.3.1 Ethanol as solvent 
When alcohol is used as a solvent for the amination of the precursor, there will be 
a competition between the amine and the alcohol to react with the alkylhalide (see 
equations below) 
CH2CH2CH2 Cl   +   HNR CH2CH2CH2 N
H
R  +  HCl
H
CH2CH2CH2 Cl  +  HOR CH2CH2CH2 O R  +  HCl
 
Although the amine is a stronger nucleophile than the alcohol, a certain amount of 
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ether formation will occur.  This will result in a reduction of the number of sites 
aminated and a reduction in the number of cationic sites and thus a lowering in 
capacity for loading of anions.  Those sites occupied by ether groups however can 
also act as cations but this will occur at higher HCl concentrations in light of the 
weaker σ donicity of the ether oxygen atom as compared to that of the amine nitrogen 
atom.  The shape of some of the ethanol resins (propane and octane – see figure 5.6) 
in which an initial increase in capacity (from 1-3M HCl) occurs, can be related to an 
increase of cation formation via oxygen onium cations (figure 5.6).  This is however, 
also a function of the nature of the alkane.  The HCl effect is also greater in the 
alcohol case than in the dmf ones, as judged by the decrease in percentage 
extraction as a function of increasing HCl concentration, as well as the corresponding 
decrease in capacities as a function of increase in hydrochloric acid concentration.  
The 2-aminobutane and 2-aminoheptane resins have relatively great capacity 
reduction (see figure 5.6) behaviour.  This phenomenon is particularly suitable from 
the point of stripping of the PtCl4- (relatively large capacity at 1 M and low capacity at 
6 M). 
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Figure 5.6:  A plot of platinum capacity in g/litre vs [HCl] for various 2-aminoalkane resins 
prepared in ethanol. 
5.2.3.2 Dmf as solvent: 
In this instance, no side reactions can occur, thus it should result in more efficient 
amination, thus resulting in slightly higher capacities of the volumes of resin used.  
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Although reduction of capacities occurs with increasing HCl concentration the 
effect is significantly smaller than for the alcohol resins thus, lesser suitable from 
the stripping point of view.  See figure 5.7 in which the same scale has been used 
as in figure 5.6. 
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Figure 5.7:  A plot of platinum capacity (in g /litre resin) vs [HCl] for various resins 
prepared in dmf. 
Differences in the extent of the HCl effect from one resin to the other can not simply 
be explained in view of the complexity of the system.  However, differences in the 
size and shape of the HCl2- and PtCl42- as well as their relative charges must be of 
primary significance.  It can be expected that stereochemical restrictions near the 
cationic site will be possible to render approach of the smaller ion viz. HCl2- (thermal 
radius 2.01 Å) more viable than that of the larger anion PtCl42- (thermal radius 3.13 
Å).  It is of interest that the greatest HCl effect is found in the 3-aminopentane, which 
in fact has a more crowded nitrogen atom (surrounded by 2 ethyl groups).  The fact of 
the relatively greater capacity for Cl- over PtCl42- (see figure 5.3) suggests that the 
compactness of the dmf resins may even be limiting towards the loading of HCl2-. 
5.2.4 “HCl-EFFECT” 
This effect as operative during extraction or precipitation of chloroanionic species with 
bulky cationic species has been treated in the past in a number of 
publications.60,61,62,63,32  It is both interesting and important in the present situation 
since it provides a means by which stripping of the platinum (i.e. HPtCl4- or PtCl42-) 
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can be facilitated.  Stripping of “platinum” from these ammonium type cations can not 
conveniently be done by other means due to the strong ion pairing of the 
chloroanionic species.  The HCl effect can be ascribed to increasing amounts of HCl2- 
species formed with increasing concentration of aqueous HCl and resulting decrease 
of water activity (See figure 1.18 and 1.19 in chapter 1),  thus, accordingly increasing 
competition for loading as compared to PtCl42-, HPtCl4-, PtCl62- or HPtCl6-. 
5.2.5 SPECIFICITY 
In a final instance it will be necessary to illustrate clearly how the platinum 
specificity has been achieved using the relative affinities of the most important 
anionic species present to illustrate it.  Since percentage extraction curves are 
perhaps, most suitable in this case, such curves will be given as achieved by 
batch studies for each of the relevant anions for different types of resins. 
5.2.5.1 PtCl42- 
The percentage extraction curves for the PtCl42- onto various amine resins 
prepared in ethanol, obtained via batch studies are graphically represented in 
figure 5.8. 
0
20
40
60
80
100
120
0 1 2 3 4 5 6 7
[HCl]
Pe
rc
en
ta
ge
 e
xt
ra
ct
io
n 
(%
)
primary amine
2-aminopropane
2-aminobutane
2-aminoheptane
2-aminooctane
hexadecylamine
 
Figure 5.8: The percentage extraction curves for the PtCl42- onto various amine resins 
prepared in ethanol, obtained via batch studies. 
The figure shows that PtCl42- is highly extracted to all of these resins from 1 M HCl 
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solutions.  The extraction decreases in general with increasing HCl concentration 
and varies from resin to resin.  The resins include primary amine, unscreened 
secondary amine and screened secondary amines (2-amino resins). 
5.2.5.2 IrCl63- 
Similar results for this anion are graphically represented in figure 5.9. 
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Figure 5.9:  The percentage extraction curves of IrCl63- obtained from batch studies with 
various amine resins prepared in ethanol. 
In this case, extraction is high only for the primary amine and unscreened 
secondary amine cases i.e. exposed high charge density sites.  The extractions 
for the screened secondary amine cases (2-aminoalkanes) are all drastically 
lower.  These thus reject IrCl63-. 
5.2.5.3 Rhodium 
Similar compilation of results is also made for the percentage extraction of 
rhodium chlorospecies.  The chlorospecies in this HCl concentration range will 
include aquated species like RhCl4(H2O)2-, RhCl5(H2O)2- and at about 6 M HCl 
concentration some RhCl63-.  In this case, again, extraction is relatively high only 
in the case of the primary amine and very low in all the other cases. 
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Figure 5.10:  The percentage extraction curves for rhodium(III) chlorocomplexes obtained 
from batch studies on various amine resins prepared in ethanol. 
It must also be realised that if the IrCl62-, after reduction to IrCl63-, is equilibrated, 
the situation will be very similar to the rhodium(III) case. 
5.2.5.4 FeCl4- 
The corresponding extraction curves for this ion are given in figure 5.11. 
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Figure 5.11:  The percentage extraction curves for FeCl4- obtained from batch studies on 
various amine resins prepared in ethanol. 
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FeCl4- is a typical low charge density anion which is very phase transferable if 
cations of relatively low charge density are employed.  In this case, however, the 
concentration of the FeCl4- is very dependent on the HCl concentration due to its 
kinetic instability (lability).  This has been illustrated in the species distribution 
curves in chapter 1 figure 1.17.  Its concentration in 1 M HCl solution is low.  This 
is clearly illustrated by the low extraction of iron(III) by all of these resins under 
such conditions.  Since FeCl4- is increasingly formed with increasing HCl, almost 
all of these curves indicate higher extractions towards 6 M HCl.  However, if the 
loading of platinum PtCl42- is performed at 1 M HCl FeCl4- is rejected especially by 
the 2-aminoalkane resins. 
5.2.5.5 IrCl62-  
The above arguments for separation assume that the redox potential of the 
system is such that iridium(IV) is reduced to iridium(III) (potential lower than 650 
mV) thus the absence of IrCl62-. 
5.3 CONCLUSION 
The extraction results obtained in the previous chapter, which deals with all the 
major contaminants in the feed stream, thus indicated how PtCl42- can be 
selectively loaded/extracted by the intermediate type of cation (partially screened 
cationic sites), and how the other contaminants are all quite successfully rejected 
under the same hydrochloric acid concentration, providing that iridium(IV) has 
been reduced to iridium(III). 
5.4 RESIN SELECTION 
In order to decide upon the most suitable resin for the specific loading/extraction of 
platinum(II), there are a number of considerations which should be borne in mind.  
A choice should be made between high loading (large capacity towards 
platinum(II)), convenience of removal (back extraction) of the platinum and the 
volume occupied by the resin which is related to the size of the constructed facility. 
Two suitable resins fulfilled most of these requirements.  These are 2-aminobutane 
and 2-aminoheptane both synthesized in an ethanol medium. 
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CHAPTER 6:     
GOLD SEPARATION STUDIES 
6.1 INTRODUCTION 
The separation of gold from an industrial feed solution obtained from the treatment 
of ore containing mostly platinum group metals is quite different from its separation 
from a feed solution, obtained from the dissolution of gold ore.  Apart from the fact 
that the former feed solutions, have relatively high chloride and hydrogen ion 
concentrations, they also have relatively high concentrations of platinum group 
metal complexes.  All of these metal ions are soft metals with properties very 
similar to those of gold.  This fact and the large difference in concentrations of gold 
relative to these metals demands separating agents with a high specific affinity for 
gold over these metal ions. 
Another limitation to a selection of an industrial separation process is that it must 
preferably be a readily reversible continuous one which can be executed 
economically.  Health hazards and effluent treatment risks should also be 
seriously considered.  The two commonly applied methods to be compared are 
solvent extraction (liquid/liquid) and resin separating agents (solid/liquid).  
Separation factors are larger in the liquid/liquid system since the exchange is from 
water to a much more hydrophobic phase.  The greater the difference in the 
dielectric constants of the two phases, the greater the separation factors since the 
Gibbs free energy of phase transfer of a specific species is proportional to the 
difference of the inverses of the dielectric constants between water and the 
second phase.34  This difference is always greater in the liquid/liquid system 
where the separating agent is in solution in a very low dielectric constant solvent.  
Disadvantages of the system however are flammability and toxicity.  For this 
reason many industries nowadays prefer the solid/liquid method (resin/water).  
The close contact of the resin with the aqueous phase however results in smaller 
separation factors in most cases and thus putting more demands on the specificity 
and hydrophobicity of the active centre.  The result of these factors is that 
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selective separation of gold using resins under the above described conditions is a 
challenging task and separating agents of this nature fulfilling all the above 
requirements are only moderately successful thus far both with reference to gold 
capacity in g/litre and gold specificity.    
6.2 THE SUITABILITY OF THE DIFFERENT CHEMICAL 
GROUPS FOR GOLD SEPARATION 
In the introduction, a number of types of chemical groups applied for the extraction 
of gold in various situations have been treated in some detail.  The suitability of 
these for application in this specific situation will now briefly be considered in 
terms of the active element involved. 
6.2.1 S-DONORS 
A variety of different S-donors has been discussed in the introduction e.g. 
thioethers, thiols, thioamides etc.  Their applicability will now be briefly considered. 
The particularly high affinity of gold for sulfur donor ligands is useful to 
preconcentrate the metal from very low concentrations1,2,3,4,5,6.  Ligand exchange 
is involved in these reactions, which are moderately slow due to the kinetic 
stability of the highly covalent gold complexes.  These reactions are difficult to 
reverse because of the double bond character between gold and S-donors.  
Stripping of gold needs drastic reaction conditions e.g. thiourea in the presence of 
HCl, thus affecting stripping negatively and thus rendering the continuous flow 
system impractical.  Further disadvantages of sulfur donors are the toxic 
compounds often formed with sulfur, thus also complicating effluent treatment.  
The macro scale treatment of a sulfur containing effluent demands extra special 
precautions, and is not favoured in an industrial situation. 
6.2.2  N-CONTAINING SEPARATING AGENTS 
There are two types of N-containing separating agents.  Firstly, the N-donors, 
where coordination occurs via the nitrogen atom to gold (relatively slow kinetics), 
and secondly, a protonated N-atom which acts as a cationic site to ion pair with 
 132 
AuCl4- (fast kinetics).  Quaternary ammonium cations are not suitable for the 
desired separation due to the poor separation factors between AuCl4- on the one 
hand and platinum(II) and (IV) chloroanionic species on the other hand.  On top of 
this, stripping of these metals absorbed on quaternary ammoniums is difficult. 
Primary, secondary and tertiary amines, in the form of ammonium salts are also 
unfavourable, since even in acidic medium, the ammonium cation will always be in 
equilibrium with the free amine (especially in weakly acidic medium), which due to 
the high affinity of nitrogen for the later 5ds (thus also gold), can form neutral gold-
amine complexes, e.g. with trialkylamines in weakly acidic medium the nitrogen 
atom affinity for gold is so high that coordination occurs through the nitrogen.  High 
gold loadings are easily achieved, but due to the kinetic stability of these gold-
amine complexes, stripping provides a major problem, thus resulting in the same 
problematics as experienced with sulfur donors.  In the form of the ammonium 
salts (thus strongly acidic medium), the high basicity of the nitrogen towards a 
proton results in high cation formation, which in turn causes the separation factors 
with the other competing chloroanionic species to be too low. 
The only viable possibility is the use of amines of which the nitrogens are very 
weakly basic thus with low protonation constants.  It should be borne in mind 
however, that although these nitrogen atoms might be too weakly basic for a 
proton, they can still act as strong bases for gold.  As a prototype, diphenylamine 
resin was investigated by us as a possible platinum specific separating agent.  
This cationic centre proved to be gold specific, but gold loading was practically 
irreversible.  Stripping was possible if thiourea was used, but unpractical in the 
industrial situation.   
6.2.3 OXYGEN-DONORS 
Until now molecules of which the central atom has a high affinity for gold (nitrogen 
and sulfur) were discussed.  The exceptional phase transferability of AuCl4- by a 
suitable cationic separating agent can best be exploited if a neutral donor can be 
employed, which can form an onium type of cation (thus becomes protonated) but 
which has poor donating capability to gold.  Oxygen-donors possess such 
properties, and oxygen will not coordinate to gold. 
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The donor strength of an oxygen atom will determine its extent of protonation.  
Neutral oxygen-donors differ in their basicities towards a proton, i.e. a different 
type of oxygen-donor will form a different amount of cations for the same proton 
activity.  For this reason a variety of different oxygen-donors, differing in, amongst 
other things, their donor strength towards a proton were investigated.  When 
considering these different neutral oxygen-donors and their relative donicities, 
their approximate order is: phosphine oxides > sulfoxides > amides are strong 
donors, ketones are intermediate, whereas ethers are weak donors. 
The industrial feed solution is essentially hydrochloric acid i.e. H+ and Cl- in a 1:1 
ratio, and the chloride activity is also important in the stepwise formation of 
chlorocomplexes and thus in the formation of the pure chloroanionic complexes.  
The tetrachloroaurate(III) ion except for FeCl4-, is the most phase transferable 
specie in the feed solution.  The latter is an important impurity.  It therefore means 
that the [Cl-] must be kept low enough in order to avoid iron(III) loading.  The [H+] 
however, must be high enough to ensure that onium cation formation is high 
enough to load AuCl4-.  The redox potential of the feed solution should be high 
enough to avoid reduction of AuCl4- to Au.  An HCl concentration between 1 and 
3 M will be suitable if AuCl4- loading is satisfactory, since the formation of FeCl4- is 
limited in that region. 
6.2.4 STUDIES WITH AMIDES 
The initial studies with oxygen-donor separating agents were performed with 
amides, bearing in mind a degree of hydrophobicity.  Further motivation to use 
amides is that they are organic molecules stable to hydrolysis in acid medium.  
Potentially bidentate amides were investigated to increase capacity (more oxygen 
sites)64 – one with relatively strong donor properties – malonamide, and one of 
weaker donicity – phthalimide. 
6.3 STUDIES WITH A MALONAMIDE SEPARATING AGENT 
6.3.1 SYNTHESIS OF MALONAMIDE RESIN 
10 g silica was reacted with 9.94 g 3-chloropropyl trimethoxy silane in dmf with a 
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catalytic amount of sodium iodide for 4 days.  The resin product was filtered, 
washed with ethanol and stored for further use. 
1.2 g sodium hydride was immersed in dmf.  While stirring at room temperature, 
7.91 g N,N,N’,N’-tetramethylmalonamide was added using a separating funnel.  
After mixing, the mixture was heated to 60 °C for 1 hour, and then cooled to room 
temperature.  The resin product prepared in the previous step was now immersed 
in dmf and added to this mixture, which was subsequently heated at 80 °C for 24 
hours.  The resin was filtered and washed with methanol and water. 
CH2CH2CH2
N
CH3H3C
N
O
O
CH3H3C
H
                       
Figure 6.1   Structure and spacefilling model of the tetramethylated malonamide resin. 
The batch studies were not satisfactory from the point of specificity and amount of 
gold extracted.  See table 6.1. 
Table 6.1: The loading of platinum and gold chlorocomplexes at different HCl 
concentrations. 
Metal ion [HCl] (M) % loading 
PtCl42- 3 22 
PtCl42- 6 37 
AuCl4- 3 66 
AuCl4- 6 59 
6.4 STUDIES WITH PHTHALIMIDE SEPARATING AGENT 
 The imide of this compound renders a possibility towards attachment to the silyl 
precursor and functionalization of the precursor.  The reaction is as follows: 
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Figure 6.2:  Functionalization of the silyl precursor with phthalimide. 
The next step is fixation on the resin: 
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Figure 6.3:  Fixation of phthalimide on silica gel. 
Spacefilling model of the phthalimide resin is given figure 6.4. 
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Figure 6.4:  Spacefilling model of phthalimide resin. 
The resin was used to experimentally determine the loadings of AuCl4- and PtCl42- 
at various HCl concentrations. 
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Figure 6.5:  Percentage loading of gold and platinum onto phthalimide resin vs [HCl]. 
As is clear from the curve in figure 6.5, the separation factor between gold and 
platinum is large at a HCl concentration of 1,25 M HCl.  This separation narrows 
down to much smaller from 4 M onwards. 
Stripping of platinum is 100% with 3 bed volumes water in 3, 4 and 6 M HCl. 
 137 
0
4
8
12
16
20
0 5 10 15 20 25 30 35
Fraction nr
Co
n
ce
n
tra
tio
n
 (m
g/
m
l)
Pt
Rh
Ir
 
Figure 6.6:  Loading curve for platinum at 1 M HCl 
The phthalimide resin has very similar capacities and affinities for AuCl4- and 
PtCl42- (436 mV) viz. approximately 13 g/litre resin at 1 M HCl and low loading of 
Rhodium(III), iridium(III) and Fe(III) (FeCl4- capacity is 0.4051 g/litre).  Thus it can 
not discriminate between PtCl42- and AuCl4- but can be regarded as platinum 
specific if gold is removed.   
In view, however of its low platinum capacity it will not be suitable for industrial 
application since we have produced resins with 4 to 5 times its capacity for platinum. 
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Figure 6.7:  Loading curve for gold on phthalimide resin in 1 M HCl. 
At this stage it was clear that greater differentiation between gold and platinum was 
necessary, and it was decided to focus further studies on polyethers.  It was thought 
that polyethers can be better differentiating agents between gold and platinum, firstly 
because polyethers are weaker oxygen-donors, and secondly polyethers could 
provide a separating agent with a larger number of cations per separating agent, thus 
greater capacity.  In the case of a resin, where the functional group is in relatively 
close contact with the polar water, additional hydrophobicity will play a major role in 
the efficiency as an extractant and even in its selectivity.  A balance between all these 
factors will most probably lead to optimization and efficiency.  Studies were 
undertaken to optimize separation and capacity of resins.  Where possible, solvent 
extraction studies will be executed with the polyether before its fixation on the resin 
framework in order to assess its separating potential. 
6.4.1.1 Polyethers as oxygen-donors 
The polyethers will be divided into groups with reference to their number of ether 
groups per molecule in order to determine how the properties of the resin vary as 
a function of ether oxygen atom content. 
 139 
6.4.1.2 Polyethers having 1 – 5 oxygens 
The first group to be discussed is the polyethers having 1 to 5 oxygens.  In an 
initial solvent extraction study of a single ether, dioctylether, it was indicated that 
low loading can be expected from a small number of ether groups (see table 6.2). 
Table 6.2:  The loading of gold chlorocomplexes in different HCl concentrations on 
dioctylether. 
Metal ion [HCl] (M) % Loading 
AuCl4- 1 34 
AuCl4- 3 24 
AuCl4- 6 26 
6.4.1.3 Diethyleneglycol 2-ethylhexyl ether 
The next study was a polyether with an active group of 4 ether atoms.  It was 
discovered that it is important to consider the functional group (FG) – 4 ether 
atoms in this case, as well as the hydrophobic group (HG) – 2-ethylhexyl – an 8 
carbon aliphatic tail end.  For each polyether these two properties will be pointed 
out.  Solvent extraction studies (figure 6.9) showed that the loading of gold is not 
excessive, thus already indicating that loading on the resin will not be good: 
X-CH2CH2CH2-OCH2-CH-CH2-O(CH2CH2O)2CH2CHCH2CH2CH2CH3
OH CH2CH3
 
 
 
 
 
 
Figure 6.8:  Structure of diethyleneglycol 2-ethylhexyl ether resin. 
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Figure 6.9:   Solvent extraction of gold with diethyleneglycol 2-ethylhexyl ether in different 
HCl concentrations 
The resin analogue gave a maximum gold loading of only 50%, thus the studies 
were discontinued. 
6.4.1.4 P2C18 (BRIJ 72) 
P2C18 resin signifies an ether polymer of 2 and hydrophobic “tail” end group of 
18C atoms.  
-CH2CH2CH2-O-CH2-CH-CH2-O(CH2CH2O)2C18H37
                                   OH
 
Figure 6.10:  Structure of P2C18 resin. 
In this case, the solvent extraction indicated high gold loadings: 
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Figure 6.11:   Solvent extraction studies of gold with diethyleneglycol 2-ethylhexyl ether (C8) 
and P2C18 (C18) in different HCl concentrations. 
In this case, the top curve lies basically on the 100% line.  This is very high gold 
loading compared to the lower curve obtained with the previous polyether.  This 
increase in gold loading is attributed to the increase in hydrophobicity at the 
P2C18.  Again, the resin studies showed much lower loadings of platinum and 
gold (34 % Pt and 51 % Au at 1 M HCl).  
6.4.2 ALIPHATIC SUBSTITUTION GROUPS CONTAINING 5-11 
OXYGEN ATOMS 
6.4.2.1 P4C12 (BRIJ 30) 
-CH2CH2CH2-O-CH2-CH-CH2-O(CH2CH2O)4C12H25
OH
 
Figure 6.12:  Structure of P4C12 resin. 
The following polyether is P4C12 having 6 ether groups with 12 carbons in its 
hydrophobic “tail” end (HPTE). 
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Figure 6.13: Solvent extraction and resin studies of gold with P4C12 in different HCl 
concentrations. 
The top curve indicates the result of solvent extraction and the lower one that of 
resin studies.  The gold loading was not very high. 
6.4.3 ALIPHATIC SUBSTITUTION GROUPS CONTAINING 5 – 11 
OXYGEN ATOMS 
The next group is polyethers having 5 – 11 oxygen atoms. 
6.4.3.1 P6C13 resin behaviour 
-CH2CH2CH2-O-CH2-CH-CH2-O(CH2CH2O)6C13H27
OH
 
Figure 6.14:  Structure of P6C13 resin. 
The first polyether in this group, P6C13, has 7 ether groups and 13 carbons in its 
HPTE; hence, an increase in the ether groups, but a similar amount of carbons in 
the hydrophobic group.  Batch studies gave these results: 
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Table 6.3:  The loading of gold chlorocomplexes in different HCl concentrations. 
Metal ion [HCl] (M) % Loading 
AuCl4- 1 74 
AuCl4- 6 85 
It is clear that the increase in ether groups increased the gold loading which is 
74% in 1 M HCl as compared to the 40% of the previous resin.  However, this 
resin was not very satisfactory (poor differentiation between platinum and gold), 
and the studies were discontinued. 
6.4.3.2 P10C18 (BRIJ 76) resin behaviour 
-CH2CH2CH2-O-CH2-CH-CH2-O(CH2CH2O)10C18H37
OH
 
Figure 6.15:  Structure of P10C18 resin. 
With the next polyether, P10C18, there is an increase in ethers – now 12 ether 
atoms, and in the hydrophobic group, now having 18 carbons.  The resin gave the 
following loading curve from a column study: 
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Figure 6.16:  Loading curve for gold on P10C18 resin. 
This was more satisfactory, although there is an indication towards the end of the 
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loading that breakthrough is not ideal, however it proved definite progress in terms 
of previous results.  The gold capacity is 8 g gold per litre resin.  
 In light of the promising loading of gold, the greatest contaminant, namely iron(III), 
was studied and this curve suggests breakthrough almost from the beginning (see 
figure 6.17). 
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Figure 6.17:  Loading curve for iron on P10C18 resin. 
6.4.4 ALIPHATIC SUBSTITUTION GROUPS CONTAINING MORE 
THAN 11 OXYGEN ATOMS 
6.4.4.1 P12C13 resin behaviour 
-CH2CH2CH2-O-CH2-CH-CH2-O(CH2CH2O)12C13H27
OH
 
Figure 6.18: Structure of P12C13 resin. 
P12C13 has 13 ether groups and 13 carbons.  Batch studies in 1 M HCl gave a 
gold loading of 76%, platinum 35%, while rhodium(III) and iridium(III) loadings 
were low.  The difference between gold and platinum is too small, so even though 
gold loading was relatively high, P12C13 is not gold specific. 
There are quite a number of resins synthesized and studied in this group – most of 
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them with similar behaviour to the previous one.  They are: 
6.4.4.2 P18C13 resin 
       -CH2CH2CH2-O-CH2-CH-CH2-O(CH2CH2O)18C13H27
OH
 
Figure 6.19:  Structure of P18C13 resin. 
Functional group = 19 ether groups 
Hydrophobic part = C13H27 –  (C13) 
6.4.4.3 P20C13 resin 
-CH2CH2CH2-O-CH2-CH-CH2-O(CH2CH2O)20C13H27
OH
                                  
Figure 6.20  Structure of P20C13 resin. 
Functional group = 21 ether groups 
Hydrophobic part = C13H27 –  (C13) 
6.4.4.4 P20C16 resin 
-CH2CH2CH2-O-CH2-CH-CH2-O(CH2CH2O)20C16H33
OH
 
Figure 6.21:  Structure of P20C16 resin. 
Functional group = 21 ether groups 
Hydrophobic part = C16H33 –   (C16) 
6.4.4.5 P20C18 (polyoxyethylene 20 oleyl ether) resin 
-CH2CH2CH2-O-CH2-CH-CH2-O(CH2CH2O)20C18H35
OH
 
Figure 6.22:  Structure of P20C18 ether resin. 
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Functional group = 21 ether groups 
Hydrophobic part = C18H35 –   (C18) 
6.4.4.6 P22C12 (BRIJ 35) resin 
-CH2CH2CH2-O-CH2-CH-CH2-O(CH2CH2O)22C12H25
OH
 
Figure 6.23:   Structure of P22C12 resin. 
Functional group = 23 ether groups 
Hydrophobic part = C12H25 –  (C12) 
The behaviour of this group is clearly illustrated by the curves obtained with 
P20C16 (figure 6.24). 
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Figure 6.24: Resin studies of gold and platinum with P20C16 resin in different HCl 
concentrations. 
These curves illustrate typical results, namely moderately high loading, but poor 
selectivity. 
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6.4.4.7 P2000 resin behaviour 
-CH2CH2CH2-O-CH2-CH-CH2-O-[CH2(H(C2H5)O]nH
OH
 
Figure 6.25:  Structure of P2000 resin. 
The nature of the next resin, P2000, is different from the previous ones.  It has 28 
ether groups and it is the first one with alkyl substitution in the repeating unit – 
thus enhancing hydrophobicity – essentially repeating unit hydrophobicity in this 
case.  High gold loadings up to 96% and platinum loadings less than 10% were 
obtained.  The gold capacity is 8.0 g gold per litre resin.  These results seem to 
suggest that a high number of ether groups can be viable providing that the 
hydrophobicity is also increased greatly.  Unfortunately, in this case, the industrial 
synthesis of the starting material was discontinued.  Attempts to synthesize similar 
polyethers, showed that these syntheses are more of an art than a science.   
In an effort to combine a high oxygen ether number with a large hydrophobic tail 
end a search was made for a polyether which could acquire these aims.  Such a 
polyether could be obtained industrially and efforts were made to use this for resin 
manufacturing.  See figure 6.26 for structure. 
6.4.4.8 P16C48 resin behaviour 
-CH2CH2CH2-O-CH2-CH-CH2-O(CH2CH2O)16C2H5(CH2CH2)23
OH
 
Figure 6.26:  Structure of P16C48 resin. 
A further different type of polyether is the so-called P16C48 polyether, with a 
relatively large number of ether groups, 17, present and a very large 48 carbon 
hydrophobic tail end – thus essentially tail end hydrophobicity.  This polyether 
provided extreme practical problems in so far that because of the large 
hydrophobic group, solubility in polar solvents required for the synthesis of the 
resin was virtually none.  One attempt was successful in manufacturing a resin 
with a gold capacity of 13 g gold per litre resin.  Unfortunately this synthesis could 
 148 
not be duplicated and these studies were discontinued. 
In the next investigation, we considered, a polyether where the repeating group 
contained butylene groups between the ethers thus a built-in more hydrophobic 
structure.  See figure 6.27. 
6.4.4.9 Terathane resin behaviour 
-CH2CH2CH2-O-CH2CHCH2-O(CH2CH2CH2CH2O)nH
OH
 
Figure 6.27:  Structure of terathane resin.  
Another different type of hydrophobic group is present in the terathane resin with 40 
ether groups and the hydrophobic group consists of a repeating butylene group – 
thus again essentially repeating unit hydrophobicity.  This resin gave a gold capacity 
of 7 g gold per litre resin in 1 M HCl, but not good separation from platinum.   
In the next study a polyether containing branching in the repeating unit was used 
for resin studies.  See figure 6.28. 
6.4.4.10 Poly(propyleneglycol)monobutyl ether resin behaviour 
-CH2CH2CH2-O-CH2-CH-CH2-O[CHCH2O]n(CH2)3CH3
CH3
OH
 
Figure 6.28:  Structure of poly(propyleneglycol)monobutyl ether resin. 
The poly(propyleneglycol)monobutyl ether resin with 23 ether groups and a methyl 
substituted ethylene repeating unit (repeating unit hydrophobicity) gave poor 
differentiation between gold and platinum. 
In all the previous polyethers only aliphatic hydrophobic groups were used.  It was 
now decided to investigate the influence of aromatic groups as part of the 
hydrophobic tail end. 
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6.4.5 AROMATIC SUBSTITUTION GROUPS 
In further studies active centra having aromatic groups in the hydrophobic part 
were studied. 
6.4.5.1 Triton X-45 
CH2CH2CH2 O CH2
H
C
OH
H2
C O(CH2CH2O)5 C
CH3
CH3
H2
C C
CH3
CH3
CH3
 
Figure 6.29:  Structure of Triton X-45 resin. 
This polyether has 6 ether groups and a total of 14 carbons, of which 6 are part of 
the phenyl ring.  Initial solvent extraction studies already showed that even with 
only 6 ether groups the gold extraction is high, and in 1 M HCl platinum loaded 6% 
while iron(III) loaded 16% : 
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Figure 6.30:  Solvent extraction of gold with Triton X-45 in different HCl concentrations. 
With resin studies however, gold loading did not exceed 50%. 
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6.4.5.2 Igepal CO-890 resin behaviour 
CH2CH2CH2 O CH2
H
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H2
C O(CH2CH2O)40 C
CH3
CH3
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Figure 6.31:  Structure of Igepal CO-890 resin. 
Igepal CO-890 has 41 ether groups and also 14 carbons.  This curve indicates the 
loading of gold: 
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Figure 6.32:  Loading curve of gold on Igepal CO-890 resin. 
A capacity of 8.7 g gold per litre resin was obtained, whereas the capacity of 
iron(III) was low.  This behaviour was found strange in terms of experience with 
the aliphatic hydrophobic groups where an analogous polyether gave poorer 
differentiation.   
The behaviour of this type of resin could be significantly improved by reducing the 
number of ether groups to 9, but maintaining the hydrophobic group at 14 carbons, 
as in the case of: 
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6.4.5.3 Triton X-114 
CH2CH2CH2 O CH2
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C O(CH2CH2O)8 C
CH3
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CH3
CH3
 
Figure 6.33:  Structure of Triton X-114 resin. 
Solvent extraction gave gold loadings of approximately 100% from 1 M HCl 
upwards.  These curves indicate the results of batch studies with the resin: 
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Figure 6.34:  Resin studies of gold, platinum and iron with Triton X-114 resin in different HCl 
concentrations. 
Note that the top line representing the gold loading lies just below 100% from 1 to 
6 M HCl and the contaminants gave low loadings.   
The curve indicates the loading of gold in 1 M HCl: 
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Figure 6.35:  Loading curve of gold on Triton X-114 resin. 
This loading curve is quite satisfactory and a gold capacity of 15.4 g gold per litre 
resin was obtained.   
At the same conditions, the most problematic contaminant, iron(III), hardly loads in 
the region of 1 to 2 M HCl: 
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Figure 6.36:  Loading curve of iron on Triton X-114 resin. 
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This curve was verified by further experiments with similar results.   
This is the most promising resin, and consequently stripping studies have been 
done.  Initial stripping studies indicated that 52 – 83% of the gold can be stripped 
with 10 bed volumes of water.  However, it is not that simple, since after some 
time hydrolysis of the gold occurs, even to such an extent that precipitation of gold 
is observed.  Further studies were done using alternate stripping with water and 
concentrated HCl, but complete stripping needed about 18 bed volumes in total.   
6.5 SUMMARY 
For aliphatic hydrophobic groups, the best operation is in the region of 9 or 10 
oxygens and 18 to 20 carbons (preferably branched). 
Hydrophobic groups containing a phenylene group proved to be the best for gold 
extraction – specifically round about 9 ether groups and a C6H4- and C8 
hydrophobic part. 
For gold, aromatic groups are better than aliphatic ones, as compared to the 
PGMs and iron, where aliphatic groups are better than aromatic groups. 
The ratio of the ether groups to the hydrophobic groups seems to be important for 
high gold loading and differentiation – however there is a limit to the 
hydrophobicity that can be introduced in the polar resin – too much hydrophobicity 
renders the synthesis of the resin impossible. 
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CHAPTER 7:  
CONCLUSIONS 
1. Physical parameters of both the bulky chloroanionic species and the 
corresponding matching cationic species could be applied to develop platinum 
selectivity.  The bulky chloroanionic species present in the feed solution were 
each characterized in terms of their physical properties like distortability, 
charge, charge density and size.  These could be divided into three types, 
namely high charge density very distortable ions like MCl63- (M = Ir, Rh) on the 
one hand and low charge density not readily distortable ions like FeCl4- on the 
other hand.  The chloroplatinates could be characterized as intermediate.  
Cationic centra could be developed which have low affinity for the two extreme 
types of anions but relatively high affinity for the chloroplatinates, providing that 
the redox potential was adjusted to reduce IrCl62- to iridium(III) chlorospecies. 
2. The investigation of the extent of stereochemical crowding could assist in 
developing cationic species which can be regarded as platinum specific under 
the conditions of the industrial feed.  Essentially three types of stereochemical 
crowding could be exploited, namely: 
(i) unscreened protonic hydrogen atoms of primary ammonium cations.  
This type proved to be non-specific from a separation point of view 
since all the three above mentioned types of anions were 
significantly extracted.  
(ii) Moderately screened protonic hydrogen atoms as achieved by the 2-
aminoalkane resins.  These cations proved to be selective for the 
intermediate type of anions for example PtCl42- and PtCl62-. 
(iii) More extensive screening of the protonic hydrogen atoms like those 
obtained in the 2-amino-3-methylbutane and 3-aminopentane resins.  
In these cases the ratios of the capacities of chloride over PtCl42- 
become large thus lowering their platinum capacities.  Such species 
favour low charge density anions like FeCl4-. 
3. The synthesis of the resins in two different non-aqueous solvents (protic and 
aprotic) lead to resins with different properties:  
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(i) differences in physical properties were observed.  Dmf resins have a 
higher density than alcohol resins on average by a factor of 1.4.  The 
greater compactness of the dmf resins has chemical implications.  
(ii) The above factor is reflected in the greater relative preference of 
chloride over the bulky PtCl42-, as expressed in ratios close to two or 
greater than two, whereas in the case of the more open alcohol 
resins, site efficiency is large, where the chloride to platinum ratio is 
less than two and loading of HPtCl4- is implied. 
(iii) Greater HCl effects are also observed for the more open alcohol 
resins.  This is a very important aspect since it greatly facilitates 
stripping of the PtCl42-/PtCl62-, especially since stripping of these 
species from cations by other means can not readily be achieved. 
4. In the comparative studies of solvent extraction as opposed to resins having 
the same active centra, it was indicated that the extent of the hydrophobicity of 
the cationic centre plays a much larger role in the case of solvent extraction, 
which consists of two non-miscible liquid phases.  The stereochemistry in the 
vicinity of the cationic site is important in both cases and produce comparable 
results with respect to relative preference.  In the case of the resin the 
immediate vicinity (stereochemistry) of the active centra is very important and 
the total hydrophobicity as achieved by longer alkyl chains of lesser 
significance.  Another difference between the two systems is that the rigidity of 
the resin framework (silica based in this case) also has a bearing on selectivity, 
since it imposes a limit to the degrees of freedom of the active centre.  
5. Polyether resins having between 8 and 10 ether oxygen atoms and a 
combination of aromatic and aliphatic hydrophobic groups proved to be the 
best separating agents for gold.  Sharp breakthrough curves could be obtained 
in some cases although selectivity of gold over chloroplatinate species was 
only moderately successful.  
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